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Abstract
Cerebrovascular disease (stroke) is one of the leading causes of adult disability in developed
nations, typically resulting in impairment in one of the upper extremities. There is a clinical
need for both sensitive, repeatable motor assessment techniques and increased access to in-
tensive physical therapy in the face of resource limitations. The Human Robotics Group has
developed a System for Independent Task-oriented Assessment and Rehabilitation (SITAR) for
upper limb rehabilitation which integrates low-cost instrumented objects that mimic the motions
and manipulations used in everyday tasks.
Analysis of force, trajectory, and acceleration data has resulted in new metrics that may
correlate with, and ultimately enhance, standard clinical ordinal scales of assessment. This
thesis presents preliminary validation and testing of instrumented key and box objects for fine
manipulation tasks. The data from these experiments were used to develop metrics that can be
investigated in future clinical trials with the SITAR.
An instrumented stylus was developed to enhance SITAR’s training functionality. The stylus
can measure grip force, writing force, and kinematic information. The stylus is comparable to
a typical marker with diameter of approximately 4 cm and is comfortable to hold. A simple
exoskeleton mechanism to aid in hand opening is presented. The device is located on the dorsal
side of the hand, causes minimal obstruction, and act on the proximal and medial phalanges to
achieve partial hand opening and reduce complexity. The mechanism was manufactured for a
single phalange for initial testing.
Forthcoming assessment studies within a consortium of clinical partners will determine the
feasibility of the SITAR system and identify key metrics for assessment. The devices and assess-
ment metrics presented in this thesis will serve as building blocks for future SITAR assessment
and rehabilitation studies.
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Chapter 1
Introduction and Literature Review
“Suppose that we are wise enough to
learn and know - and yet not wise
enough to control our learning and
knowledge, so that we use it to destroy
ourselves? Even if that is so, knowledge
remains better than ignorance.”
Isaac Asimov (1920 - 1992)
1.1 Preface
The past decades have ushered new frontiers in robotics and haptics leading to a surge in
neurorehabilitation research. With these advancements followed a tendency toward complexity
in design, often resulting in systems and equipment too complicated for practical use at home or
even in the clinic. In the Human Robotics Group of Imperial College London, we seek to address
recovery from neurological disease using a multidisciplinary approach toward robotics, motor
learning, human-robot interaction, human-human interaction, and the development of advanced
strategies for motor training and assistance. Our philosophy targets simplicity, portability, and
cost efficiency to address the need for practical rehabilitation technology.
This chapter provides an overview of stroke, its effects on the individual, and the meth-
ods of assessment and treatment currently available in the clinic. Fundamental background
literature relevant to the rehabilitation devices designed, tested, and validated in this thesis
is presented. Specifically, exoskeletons and other relevant technology-based rehabilitation and
assessment systems are presented. A novel platform for independent assessment and training of
the limb known as SITAR, or System for Independent Task-oriented Assessment and Rehabil-
itation, which serves as the central platform for this project, is described and discussed. The
structure of this thesis is illustrated in Figure 1.1. The devices and tests demonstrated in each
chapter are part of the SITAR assessment and rehabilitation framework.
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Figure 1.1: A diagram illustrating the structure of this thesis and its projects. Major themes
are shown as introduction blocks. Each chapter corresponds to a different project. Overlap with
the vertical arrows illustrates the chapter’s contribution to the major themes.
1.2 Stroke
Cerebrovascular Attack (CVA), commonly known as stroke, is the leading cause of severe physical
disability in the developed world [1, 5–8] with approximately 26% of stroke survivors over the
age of 65 dependent on others in activities of daily living (ADLs) [8] and 15% to 30% suffering
permanent disability. According to the American Heart Association there are an estimated
795,000 individuals each year that experience new or recurrent stroke. Although stroke mortality
rates have decreased in recent decades, there have been limited developments in acute treatment
strategies and rehabilitation. Stroke remains one of the most significant and costly medical
problems faced by society with longer-term care and management costing USD 34.5 billion
each year [6], accounting for approximately 2 − 4 % of total healthcare costs worldwide. As of
2010, the annual economic impact of stroke in the EU was e 64.1 billion [9]. With an aging
population worldwide, new therapeutic strategies and approaches to rehabilitation are urgently
needed. Frizzell [10] and Donnan et al. [11] provide useful overviews of stroke and the relevant
human physiology.
1.2.1 Pathophysiology
Stroke is a neurological event triggered by changes in cerebral blood circulation, usually resulting
from cellular ischemia or intracranial hemorrhage. Severe physical and neurological impairment
often result from stroke due to the wide distribution of hand function throughout the cerebellum
and motor cortex. The distribution of this and other body structures are illustrated in the
sensory-motor homunculus in Figure 1.2. Loss of oxygen to affected areas of the brain result in
necrosis of brain matter and ultimately the formation of a lesion.
Ischemia and Infarction: Frizzell [10] provides a physiological description of stroke.
Briefly, ischemia is the reduction of blood flow below 20 mL/100 g of brain tissue per minute.
Ischemic events are often atherosclerotic in nature, resulting from plaque buildup and eventually
a platelet clot that either occludes the local vessel or breaks free and travels to a distal vessel.
This reduction leads to localized hypoxia and energy depletion after just 10 seconds. Normal
function is restored if blood flow is normalized within several minutes, but cellular infarction,
i.e. death of the affected cranial cells, can occur in just one hour if blood flow falls under
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Figure 1.2: The Wilder Penfield sensorimotor homunculus illustrating sensori-motor functions
along the cortex. Reprinted from [1].
16 mL /100g of brain tissue. Transient ischemia, known as a transient ischemic attack (TIA)
occurs when the reduction in blood flow lasts up to 24 hours. The primary cause of an ischemic
attack is plaque buildup from atherosclerosis. Cardioemoblic stroke, or infarction caused by em-
boli, typically presents immediate neurological effects. Embolic attacks most frequently affect
the internal carotids, middle cerebral, or basilar arteries [10].
Cerebral hemorrhage: Cerebral hemorrhage usually occurs from ruptured cerebral arter-
ies. Blood pools in the brain and subarchanoid space displacing and irritating the surrounding
tissue. This tissue and the eventual blood clot can cause both swelling and necrosis with neur-
ological impairments occurring within 30 to 90 minutes of onset, depending on the severity and
location of the bleed. Mortality rates for cerebral hemorrhage are as high as 50%.
1.2.2 Presenting Features of Impairment
Stroke can cause a variety of cognitive, motor, and sensory issues. In the most common case
of a unilateral brain lesion, sensory-motor symptoms are presented primarily on the contrale-
sional side of the sagittal plane, although balance and bimanual coordination present bilaterally.
Ischemic stroke can cause contralateral weakness, sensory loss, and vision loss, along with dys-
phagia, cognitive issues, dizziness, and a variety of other complications (see [10]).
The types of features presented depends greatly on the location and severity of the stroke.
Diagnosis of these characteristics is achieved with computed tomographic scans (CT) to identify
or rule out a hemorrhage and magnetic resonance imaging (MRI) scans, and specifically diffusion-
weighted imaging (DWI) methods, are used to identify infarctions, changes in blood perfusion,
and any remaining blood clots. MRI can also identify whether or not infarcted tissue has
the potential for recovery, though this use of the technology is rare in practice. The National
Institutes of Health Stroke Scale (NIHSS) is a comprehensive diagnostic tool used to examine
and grade deficits caused by stroke [10]. The NIHSS examines motor function, vision, speech
and language, cognitive faculties, and variety of other features. Knowledge of the type of stroke
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and its onset, MRI and CT examinations, and the NIHSS diagnostics can be combined to predict
the presenting features of the impairment and, to some extent, the potential for recovery.
1.3 Clinical Assessment
Reliable, repeatable, and sensitive clinical assessment is an essential tool for tracking recovery,
planning an invention, and ultimately successful therapy. The NIHSS, mentioned in the previous
section, is a diagnostic tool for initial assessment and differs from other scales used throughout
recovery and rehabilitation. The World Health Organization (WHO) provides the International
Classification of Function, Disability and Health (ICF) as model of disablement and impairment
[2]. ICF provides a universal language for therapists and researchers. The ICF identifies human
function at three primary levels of abstraction in which disability can cause deficiency which are
illustrated in Figure 1.3.
The body functions and structures domain, the most fundamental and concrete abstraction
(analogous to device theory in classical engineering topics), examines and describes the physiolo-
gical functions of the body and its anatomical structures (e.g. organs, limbs). Disability at this
first level is described as impairment. For the sake of brevity and consistency with other scientific
literature, this level is henceforth referred to as Functional Level Assessment. Ascending to the
intermediate level, the activities domain describes the individual’s ability to execute an activity
with any deficiency termed activity limitations. Finally, the most abstract and complex domain
is the participation level which describes the individual’s involvement and ability to engage in
real life situations. Deficiencies at this topmost level are known as participation restrictions.
Beneath these main categories is a comprehensive body of sub domains that provide a finer
degree of description and communication (see [2, 12, 13]).
Universal acceptance of this set of nomenclature and conventions has not yet been achieved,
but it offers great potential for improved description, communication, and synthesis of previous
frameworks. ICF also promotes a more complete philosophy to rehabilitation as health goes
beyond the most basic functional level.
Conventional assessment of motor functions is carried out by therapists using ordinal clinical
scales to investigate specific aspects of an individual’s motor behaviour [14, 15]. There are
relatively few measures of participation as even rough quantification of such a complex set of
parameters is a daunting challenge. Most participation scales are manifested as simple surveys
providing predominantly qualitative information. Therapists choose assessment scales based on
the severity of impairment, potential for improvement, and the significance of the scale given
the culture and lifestyle of the patient. However, this task can be a challenge for even the
most experienced therapists and there is no single gold standard. Multiple scales are often
necessary as some may be insensitive to changes in motor impairment when improvement is
actually occurring. The most widely used clinical scales relevant to upper limb assessment and
their status in the ICF framework are provided in Table 1.1. Several sub domains widely used in
the Cochrane Collaborations are also described [12, 16, 17] It should be noted that most scales
do not address sensation and its effects on deficiency at all ICF levels.
Despite being widely accepted, standardised, and validated, these measures are subjective,
suffer from low resolution, and are highly non-linear. There is often inconsistency within and
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Figure 1.3: International Classification of Function, Disability and Health (ICF). Reprinted from
[2].
Clinical Scale Functional Activity Participation
ADL Impairment Quality of
life/health
status
Addresses
sensation
Functional outcome measure-
ment
3 7 7 7 7
Fugl-Meyer 3 7 7 7 3
Action Research Arm Test
(ARAT)
3 7 7 7 7
Chedoke 3 7 7 7 7
Wolf Motor Function Test
(WMFT)
3 7 7 7 7
Motor Assessment Scales
(MAS)
3 7 7 7 3
Box and Block Test (BBT) 3 7 7 7 7
Function Test of the Hemi-
paretic Upper Extremity
(FTHUE)
3 7 7 7 7
Nine/Ten Hole Peg Test
(9/10HPT)
3 7 7 7 7
The Barthel Index (BI) 7 3 7 7 7
Functional Independence
Measure (FIM)
7 3 7 7 7
Sodring Motor Evaluation
Scale
7 7 3 7 7
Dartmouth Primary Care Co-
operative Chart (COOP)
7 7 3 7 7
Nottingham Health Profile
(NHP)
7 7 7 3 7
Table 1.1: Common clinical assessment scales relevant to upper limb assessment and their ICF
domains.
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between scales, and insensitivity to changes outside of and/or within the scale’s ICF level. In
general, current methods for clinical assessment offer minimally quantitative descriptions of
motor function and practical outcomes.
1.4 Stroke Recovery and Rehabilitation
Clinical interventions for stroke comprise a vast and complicated field of medicine and science
far beyond the scope of this text or any single textbook. This text presents a basic overview
of modern acute intervention and a cursory examination of stroke rehabilitation therapies with
particular emphasis on the upper limb. References to numerous review articles and several land-
mark publications provide greater depth and additional resources for this broad topic. Suggested
clinical papers include the Cochrane Library reviews [12, 16, 17]. Today’s clinical therapies for
stroke-affected upper limb have resulted from decades of on-going research. Despite a vast body
of literature, the tools necessary to define an optimum rehabilitation regimen or to accurately
predict the potential for recovery are still forthcoming and there are relatively few clear indic-
ations of the efficacy of clinical interventions. Experienced therapists choose from a variety of
clinically indicated techniques based on each patient’s presenting features, priorities based on the
patient’s occupation and/or lifestyle, and resources available to the patient and the healthcare
system.
1.4.1 The Path to Recovery
Post-stroke recovery is described by three main stages: acute, subacute, and chronic, each
proceeding chronologically from the onset of stroke. The acute stage lasts from the moment
of onset to several weeks post-stroke. It is generally accepted that the six month time point
divides the sub-acute and chronic populations. These stages and their restorative processes are
summarised in Figure 1.4 [3]. During the acute stage, descending signals from the spinal cord
are re-established as system shock dissipates and the sudden loss of function in the brain is
resolved. The affected hand transitions from complete flaccidity to a clenched position with
spasticity and shortening of the muscles developing thereafter.
Rehabilitation occurs as the cortical reorganisation takes place and redundant neural path-
ways are recruited. Full recovery would result in complete fidelity in muscle recruitment between
pre-stroke and post-rehabilitation motions. However, as this type of recovery is rare, compens-
ation strategies involving different muscle coordination patterns, alternative motor strategies,
and changes in lifestyle and functionality are often necessary. In both cases, this process is influ-
enced and stimulated by rehabilitation, though the neural mechanisms responsible for choosing
compensatory strategies are not well understood [3]. Medical imaging has revealed that tasks
involving the impaired upper extremity rely on resources across the primary, premotor, and
supplementary motor cortices in both the ipsalesional and contralesional hemispheres. Several
studies reviewed by Dombovy et al. [6] have linked desirable levels of recovery with an eventual
contraction of activity area to only the brain matter surrounding the infarct and its functional
connections. In contrast, poor recovery tends to remain relatively diffuse or primarily resident
in the contralesional hemisphere. Despite some degree of irreversible neural damage, neurogen-
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Figure 1.4: Motor recovery after stroke. Adapted from [3].
esis, axonal sprouting, and dendritic sprouting have been hypothesised reactions of repetitive
training and high-intensity training has been strongly linked to better functional outcomes [6].
As early as 1994, researchers discovered a link between neural growth, specifically dendritic
arborisation, and functional recovery from a unilateral lesion in the brain [18]. Ward et al. [19]
noted a temporal relationship between recovery and task-related cortical activation. Activation
of motor-related regions of the brain, which is massively diffuse in the earliest stages of recovery,
decreased during task training in patients suffering from cerebral infarction.
Health care policy and issues of funding for rehabilitation research impose additional chal-
lenges and constraints on recovery, but discussions of this topic are beyond the scope of this
text. Stem cell therapies, neurogenesis and its potential therapies are another fascinating and
still forthcoming topic that will see increased attention in the coming years. The following sec-
tions describe current therapies used in the treatment and rehabilitation of stroke survivors,
particularly with regard to the upper limb.
1.4.2 Acute Treatment
Current acute clinical interventions focus on restoring blood flow in occluded vasculature and re-
ducing cellular death, but there currently is a lack of treatment for necrosis once it has occurred.
Ischemic events can benefit from clot-busting thrombolytics (tissue plasminogen activator, tPA),
antiplatelet and anticoagulant agents, and blood pressure management to ensure that the cereb-
ral perfusion is adequately maintained within safe limits [10]. Appropriate and timely (within
three hours of stroke onset) administration of tPA have demonstrated significant benefits in
recovery with improvements of 4 or more points on the National Institute of Health Stroke Scale
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(NIHSS) [10].
However, thrombolytics introduce additional risks and certain types of stroke (e.g. lacunar
infarcts) may not benefit from tPA therapies [10]. The AHA estimates that only 1.5% of eli-
gible patients receive tPA treatment [8] and the treatment is still sparse, even in developed
countries, because of a worldwide shortage of physicians trained in its use and administration
[11]. Treatment of cerebral hemorrhage involves airway management and intubation, reversal of
pre-existing anticoagulation therapies (e.g. aspirin regimen), reduction of intracranial pressure,
and other various supportive therapies. Additional information can be found in the Donnan et
al. overview of stroke [11].
1.4.3 Conventional Rehabilitation and the Recovery Process
In their comprehensive review, Teasell et al. [20] provide an evidence-based summary of thera-
peutic approaches and techniques for stroke rehabilitation. Briefly, they demonstrate that there
is strong evidence suggesting that outpatient and community-based rehabilitation matched to
the level impairment is successful and can improve functional outcomes. As described previ-
ously, motor recovery has been linked to cortical reorganisation and possibly certain cellular
genesis in the brain. This plasticity indicates that therapy, training, and the environment can
stimulate change and recovery in the brain. This review [20] offers summaries and citations for
the major modalities used in stroke therapy. There are numerous other therapies for addressing
specific (e.g. dysphagia, shoulder pain, cognitive-perceptual disorders). However, only upper
limb therapies are discussed here.
Though intuitive and easy to accept, the underlying assumption that measured improvement
of the impairment yields functional improvement is not always accurate. In other words, simply
reducing the impairment of a muscle group may not yield improvements at the activity and/or
participation level of the ICF framework. [21]. In response, rehabilitation has evolved from
classical exercise based routines, to macro-level training that involves task completion and basic
functional skills. This task-oriented training has been shown to improve arm-hand perform-
ance significantly in stroke patients and provides a more fulfilling training environment [13, 22].
Moreover, systematic review indicates that task-oriented training increases the frequency of
training components that promote long-term learning and comprehension. It is generally accep-
ted that therapy should be initiated as soon as it is safe and practical to do so. The majority
of improvement occurs in the first year after stroke, though changes are sometimes observed
many years down the line. For example, intensive movement training applied to chronic stroke
populations has been shown to improve impairment levels and motor outcomes [23].
Exercise therapy: A functional-oriented approach, exercise therapy emphasises strength
training and involves training with individual muscles or muscle groups. Clinical studies have
shown that exercise therapy effectiveness is directly related to intensity, though there has not
been any observable outcome different types of arm exercise therapy [24]. There is currently
limited evidence to definitively comment on the overall effectiveness of exercise therapy, though
this may be the result of limited or inconsistent outcome measures and the low statistical power
of the majority of clinical studies. Volpe et al. [23] demonstrated lasting improvements in motor
function of the arm in chronic stroke patients when using both therapist-driven and robot-driven
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intensive training. The literature seems to suggest that higher doses of a given type of exercise
therapy improves motor recovery, but the exact effect of dosage is still unknown [25].
Constraint-induced movement therapy (CIMT): CIMT involves forced use of the
impaired limb, thereby countering the tendency toward learned non-use. Two components are
distributed across two weeks: the first involves restraint of the unaffected (or lesser-affected) limb
during 90% of waking hours to train the affected limb out of necessity; the second component
involves six hours of intensive therapy of the affected limb each day [26]. Although controversial,
CIMT has been demonstrated to be effective even in chronic stroke populations. A recent
randomised clinical trial found that CIMT was significantly more effective than customary care
in patients from 3 to 9 months post-stroke with the Wolf Motor Function Test [27]. However,
CIMT can be frustrating to the patient and the exact nature of recovery is unclear [26].
Task Oriented Training (ToT): Task Oriented Training has recently emerged as the
preferred approach to motor rehabilitation after stroke. ToT goes beyond ADL-based exercises
and focuses on the acquisition of meaningful skills that translate to functionality in the realistic
tasks. Experts agree that the skills trained should be specific, but also transferable to other
activities. It is essential that ToT carefully builds upon the patient’s abilities, ensuring that
a task is not too complex or difficult for the patient. Those with severe impairment with less
potential for improvement may receive diminished benefits from ToT. It is also beneficial to
begin ToT as early as possible as compensatory strategies adopted over time may interfere with
more desirable motor skills [28]. In a study involving acute stroke patients, Winstein et al. [29]
found that ToT was more effective than standard clinical care especially in long-term retention,
but severity of impairment is important to the therapy’s overall efficacy. Specifically, subjects
with milder impairment saw greater benefits from ToT.
Although a significant research is still necessary and both the nature of recovery and optimal
modalities for rehabilitation are not fully understood, several key conclusions can be drawn:
the affected upper limb is neglected in the clinic and would benefit from additional training;
repetitive, high-intensity therapies promote positive recovery; both early-term and long-term
sustained therapy are beneficial for recovery; realistic ADL training activities create a more
meaningful training environment and promote recovery across all three ICF domains.
1.4.4 Technology-Assisted Therapy
Assistive technology is broad term which encompasses different definitions of assistance. For the
purposes of this text, assistive technology refers to rehabilitation devices that provide assistance
in the form of mechanical intervention and/or performance-based feedback using instrumented
hardware and sensor-based systems. This feedback can be visual, auditory, haptic, or quant-
itative/informational and is provided independently or along side the therapist. Although the
topic of technology-assisted therapy could be grouped with the previous section, this relatively
new frontier in rehabilitation faces a unique set of constraints and challenges. Limited resources,
access to therapists, and practical rehabilitation equipment has resulted in high levels of dis-
satisfaction among stroke survivors with as few as 6% of patients satisfied with impaired arm
function at four years post-stroke [3]. With many studies emphasising the importance of repetit-
ive, intensive therapy in stroke recovery, technology is a natural choice for meeting this demand
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efficiently [5]. Robots are capable of consistent and precise activity without fatigue and without
demanding additional human resources. Teleoperative systems and passive technology are also
promising and potentially safer than robots since the patients themselves are the only source of
locomotive forces. Balasubramanian et al. [30] offer a thorough review of robotic rehabilitation
technology for the upper limb and summarise clinical trials with these systems.
Technology-assisted therapies for the upper limb are broadly grouped into robotic training
systems and sensor-based training systems, and within robotic systems there are end-effector
and exoskeleton systems [30]. Studies have demonstrated that upper limb motor impairments
were reduced in both sub-acute and chronic phase stroke patients when measured with the
Fugl-Meyer Assessment scales. Many studies have indicated functional improvements using
assessment scales such as ARAT and WMFT, but it is unclear how these improvements correlate
with upper limb participation in daily activities. Unfortunately, the majority of the devices in
the literature have not been tested in a clinical setting due to complexity and impracticality.
The HapticKnob, developed by Lambercy et al. [7], has demonstrated a good degree of clinical
success in a pilot study. As an end-effector device, it is relatively simple to use and setup in the
clinic. Though simple, its interface facilitated effective training of the hand function in stroke
survivors and demonstrated significant improvements according to the Fugl-Meyer assessment,
Motricity Index, and Motor Assessment Scale, and a decrease in spasticity maintained 6 weeks
after training. Interestingly, as in other studies of hand training, improvement was observed
also in the arm function, even if this was not specifically trained [31].
Krebs et al. [32] helped pioneer robot-aided rehabilitation for neurorehabilitation with the
development of the MIT-MANUS, a robot incorporating a 3 degree of freedom wrist system
and a planar manipulandum with two degrees of freedom for translational movement of the
shoulder and elbow. The positive results of this initial study paved the way for future clinical
testing and development of robotic rehabilitation systems. MIT-MANUS proved that a robotic
interface could provide safe, compliant interaction with person for the purpose of exercise and
rehabilitation. Volpe et al. [33] examined the effects of robot training using the MIT-MANUS,
demonstrating that the robot delivered reproducible sensorimotor training and resulted in sig-
nificant improvements based on the Functional Independence Measure for the upper extremity.
Fasoli et al. [34] found similar results, concluding that robot assisted training with the MIT-
MANUS is an effective complement to traditional therapy. Planar reaching tasks delivered over
a period of six weeks provided significant improvements in Fugl-Meyer, Motor Status Scale, and
Medical Research Council motor power score measures for the shoulder and elbow. However, Lo
et al. [35] found that robot-assisted therapy did offer improvements over standard clinical care
over a 12 week training period according to Fugl-Meyer and Stroke Impact Scale outcome meas-
ures in chronic stroke patients with moderate to severe impairment. However, over a 36 week
training interval, robot-assisted therapy outperformed standard therapy, but did not match in-
tensive therapy. Though the gains over standard therapy were modest, these results demonstrate
that meaningful improvements in motor function can occur even years after the initial onset of
stroke using a robotic rehabilitation system. Additional studies are needed to assess the effects
of robotic technology for improving wrist and hand function and to fully evaluate robot assisted
therapy, though current results show that it is a promising complement to traditional practices,
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especially in the face economic and human resource limitations.
Hochstenback-Waelen and Seelen [36] examined the obstacles that rehabilitation technology
has yet to overcome. Therapists are reluctant to adopt systems without significant evidence
for effectiveness of the intervention, especially with financial restrictions. The system has to
alleviate human resources without compromising the efficacy of the intervention. Technophobia
also contributes to the limited translation of technology into the clinic; some therapists and
patients (particularly the elderly) resist the use of technology. For successful integration, the
authors suggest that therapy-related technology must be oriented toward task-based exercises in
a realistic context and toward the patient’s individual goals and needs, offer variability in terms
of both difficulty and variety of exercises, offer a high degree of intensity, provide meaningful
feedback to provide encouragement and incentive for overcoming challenges. Rehabilitation
technology needs to mature to a point of versatility, low-cost, and ease of use so that therapists
can quickly deploy and manage the system in the clinic. Naturally, safety is also a concern when
a robot physically interacts with a person.
A comprehensive review of all technology-assisted rehabilitation systems is beyond the scope
of this text. Instead, a subset of technologies specifically relevant to this project will be discussed.
Since this thesis investigates the use of exoskeletons, a review of the hand exoskeleton literature
is saved for the following section.
Summary of Assistive and Rehabilitative Exoskeleton Technology
As previously mentioned, robotic rehabilitation technology for the upper limb can be broadly
grouped into two categories. Examining the namesake of this section, true exoskeletons mimic
the natural structure of the human hand and feature DOFs aligned with the users joints and
musculature [30]. In contrast, end-effector devices enable patients to realise movements in a
dynamic environment while assuming that individual joint movement is adequately determ-
ined by the patients nervous system and biomechanics [37]. End-effector devices are typically
mechanically-grounded (i.e. mounted to a solid surface) which eliminates most size and weight
constraints. These systems are often mechanically simple and easy to configure for a variety
of patients, but are limited to a strict workspace due to the mechanical ground. In principle,
exoskeletons are free of the restrictions of end-effector systems. However, this freedom intro-
duces mechanical complexity; force must be routed from a remote location instead of being
collocated with the distal end of the limb. Additionally, some rehabilitation devices are best
described somewhere in between true exoskeletons and end-effector systems with elements from
both. These systems often combine a true exoskeleton with an end-effector system to provide
arm support and facilitate reaching motions involved in hand tasks.
The human hand is a mechanically complex, articulate appendage capable of dextrous ma-
nipulation. Bicchi [38] muses over the Greek philosophers Aristotle and Anaxagoras who con-
templated the relationship between the hand and the mind, humankind’s most distinct features
among animalia. Though the two argued over the matter, Anaxagoras’ supposition that the
intelligence of humankind resulted from the dexterity of the hand (rather than the converse)
ultimately became the accepted conclusion. The hand is indeed an impressive and admired ap-
paratus, still unmatched in robotics, enabling mankind to shape the world. Bicchi [38] provides
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a useful survey of interaction and manipulation with the human hand and robotics that seek
to replicate it. This text relies on anatomical nomenclature of the hand and abbreviations are
used throughout. The reader is encouraged to examine Figure 1.5 which provides the names
and abbreviations of the relevant anatomical features. Each phalange consists of three joints;
from proximal to distal, the metacarpophalangeal joints (MCP), proximal interphalangeal joints
(PIP), and distal interphalangeal joints (DIP). The thumb has a carpometacarpal joint (CMC)
located near the carpal bones of the hand in addition to both an MCP and DIP joint. These
abbreviations will be used throughout this text.
Figure 1.5: The human hand. Reprinted from [1].
With such a high degree of versatility, the human hand is fundamental in daily life. Hand
impairment is extremely common after stroke with approximately 60% of stroke survivors suf-
fering sensorimotor deficit in the affected upper limb [37], and many stroke survivors are initially
unable to open the affected hand. In response, hand exoskeletons have received a great deal of
attention in recent decades. Recent advancements in additive manufacturing technologies have
made it possible to quickly and cheaply explore mechanical structures for such exoskeletons.
This section describes only true exoskeleton devices, i.e. loaded devices, which are worn by
the patient like an article of clothing. Several devices lacking definitive classification are also
discussed. Figure 1.6 illustrates typical mechanisms that provide center of rotation alignment
with the finger joint or eliminate the need for precise alignment. While not exhaustive, this
describes the majority of hand exoskeleton mechanistic approaches used in the literature.
The human hand is an incredibly complex system with 21 DOFs (excluding the wrist), a
sophisticated network of 29 skeletal muscles, and a dense sensory network of cutaneous mechanor-
eceptors [30]. For these reasons, exoskeletons for the hand have developed slowly and have yet
to reach a maturity as practical and wearable tools. Developing an exoskeleton that includes
all 21 DOFs of the human hand, i.e. fully encompassing the redundant work space of all joints
of the human hand and enabling independent use of each joint, is a challenging and most likely
unnecessary task in the context of rehabilitation. Actuating each DOF with current limitations
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Figure 1.6: General exoskeleton mechanisms for the human finger. Adapted from [4].
in technology adds even greater complexity. All existing hand exoskeletons offer a subset of the
DOFs by combining the independent movement of each joint in a given phalange into one syner-
gistic movement. In many a cases, these synergistic phalange movements are co-activated with
those of the other phalanges, effectively condensing multiple movements into a single “macro”
DOF. In such cases, the constituents in the macro DOF are loosely defined and poorly controlled.
Table 1.2 provides a comprehensive historical summary of the existing commercial and non-
commercial hand exoskeletons in the literature. Because of the inconsistent definitions for DOF
in the literature, the active DOFs described in Table 1.2 may differ from those stated in the
corresponding reference. The conventions adopted by [5] are used throughout this discussion.
Specifically, an active degree of freedom (DOF) is defined as the bidirectional movement achiev-
able through specific intention. For instance, if flexion and extension in the MCP, PIP, and
DIP are independently supported in each phalange, but specific activation of each joint is not
possible, there are 3 DOF. If the same motion is possible but all four phalanges are grouped (i.e.
independent finger motion is not possible), there is only 1 DOF. If three joints are involved in
particular motion but independent control of each joint is not possible, the individual movements
are condensed into a single DOF.
Table 1.2: Summary of assistive hand exoskeletons. f = active flexion, e = active extension,
ab = active abduction, ad = active adduction, op = opposition of the thumb, * = antagonist
action for haptic interfacing, †= passive movement that directly participates in active movement,
MCP/PIP/DIP finger joints, 1 = finger/hand joints, 2 = Fingers obstructed , 3 = Palmar area
obstructed , 4 = End-effector or load-free exoskeleton 5 = Device has additional degrees of
freedom unrelated to the hand (e.g. elbow and shoulder) , 6 = Conceptual/simulated design
only , 7 = Proof of concept for single digit
Reference
Year of
Public-
ation
Actuation
Mechanism
Active
Degrees of
Freedom
Facilitated Movement
Individual
Joint Control;
Dorsal
Mounted
Notes
Brown et al. [39] 1993
Cable-driven
with DC motors
4 (1 per
digit, 2
thumb)
MCP, PIP, DIP (f/e), grouped
digits (x4)
No; Yes 1
CMC, MCP, PIP (f/e) thumb
CMC (op) thumb
Continued on next page
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Table 1.2 – Continued from previous page
Reference
Year of
Public-
ation
Actuation
Mechanism
Active
Degrees of
Freedom
Facilitated Movement
Individual
Joint Control;
Dorsal
Mounted
Notes
Bouzit et al. [40] 2002
Pneumatic
pistons (haptic
interface)
3 (1 per
index,
middle, ring,
thumb)
MCP, PIP (e*) index, middle, ring No; No 1, 2
CMC, MCP (e*) thumb
Lucas et al. [41] 2004
Pneumatic
pistons
1 MCP, PIP, DIP (f/e), index No; Yes 1, 2
Koeneman et al.
[42]
2004
McKibben
artificial muscle
(pneumatic)
1 Wrist (f/e) No; Yes 1
Mulas et al. [43] 2005
Servo driven
extension, spring
assisted flexion
2
MCP, PIP, DIP (e) grouped digits
(x4)
No; Yes 1, 2
MCP, PIP (e) thumb
Takahashi et al.
[5, 44]
2005-8
Pneumatic
actuation
3 MCP (f/e), grouped digits (x4) No; Yes 3
MCP (f/e), thumb
Wrist (f/e)
Moon et al. [45] 2006
McKibben
artificial muscles
(pneumatic and
hydraulic)
1 (haptic
feedback to
fingers and
thumb)
MCP, PIP, DIP (f/e) grouped
digits (x4)
No; Yes 1
MCP, PIP (f/e) thumb
Wege et al.
[46–49]
2005-
2007
Cable-driven
with DC motors
4 (1 for
index,
middle, ring
and litte,
thumb)
MCP, PIP, DIP (f/e) index No; Yes 1
MCP, PIP, DIP (f/e) middle
MCP, PIP, DIP (f/e) grouped ring,
little
CMC, MCP, PIP (f/e) thumb
Loureiro et al.
[50]
2007
Motor and
Haptic Master
1 (digits and
thumb linked
to single
motor)
MCP, PIP, (f/e) grouped digits
(x4)
No; Yes
1, 2, 3,
4
MCP (f/e), thumb
Sugar et al. [51] 2007
Pneumatic
muscles
1 Wrist (f/e) N/A; Yes 4
Worsnopp et al.
[52]
2007
Cable-and
pulley-driven
with dual motors
1 MCP, PIP, DIP (f/e) index No; Yes 1, 5, 6
Fu et al. [53–55] 2007-11
Cable driven
with DC motors
4 (1 per
digit)
MCP, PIP, DIP (f/e) index No; Yes 2, 6
MCP, PIP, DIP (f/e) middle
MCP, PIP, DIP (f/e) ring
MCP, PIP, DIP (f/e) little
Hasegawa et al.
[56]
2008
Poly-articular
tendon with DC
motors
3
MCP, PIP, DIP (f/e) grouped
middle, ring, little
No; Yes 2, 4
MCP, PIP, DIP (f/e) index
CMC (op) thumb
Rotella et al. [57] 2009
Bowden cables
with motors
(flexion) and
springs
(extension,
passive assist)
3 (as
presented,
more
possible
depending
on actuation
configura-
tion)
MCP, PIP, DIP (f/e) index
Yes (partial and
limited); Yes
1, 5
MCP, PIP, DIP (f/e) grouped
middle, ring, little (DIP
questionable)
CMC, MCP, DIP (f/e) thumb
Yamaura et al.
[58]
2009
Cable-driven
with pulleys and
motors
1 MCP, PIP, DIP (f/e) index No; Yes 6
Moromugi et al.
[59]
2009
Polyethylene
tendons and
servo motors
5 MCP, PIP, DIP (f/e) index No; No 1, 2
MCP, PIP, DIP (f/e) middle
MCP, PIP, DIP (f/e) ring
MCP, PIP, DIP (f/e) little
CMC, MCP, PIP (f/e) thumb
Continued on next page
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Reference
Year of
Public-
ation
Actuation
Mechanism
Active
Degrees of
Freedom
Facilitated Movement
Individual
Joint Control;
Dorsal
Mounted
Notes
Chiri et al. [60] 2009
Cable-drive with
DC motors
1 MCP, PIP, DIP (f/e) index No; Yes 5
Tadano et al.
[61]
2010
Pneumatic
atificial rubber
muslces
5 MCP†, PIP, DIP (f/e) index No; Yes 1
MCP†, PIP, DIP (f/e) middle
MCP†, PIP, DIP (f/e) ring
MCP†, PIP, DIP (f/e) little
CMC†, MCP†, PIP (f/e) thumb
Mohamaddan et
al. [62]
2010
Cable-driven
system
5 (DOFs are
highly ap-
proximate)
MCP, PIP, DIP (f/e) index No; No
MCP, PIP, DIP (f/e) middle
MCP, PIP, DIP (f/e) ring
MCP, PIP, DIP (f/e) little
CMC, MCP, PIP (f/e) thumb
Zheng, Li et al.
[63–65]
2010-
2012
Cable dirven by
DC motors
4 MCP, PIP, DIP (f/e) index Yes; Yes 1, 2 6
MCP (ab/ad) index
Iqbal et al. [66] 2010
Gear and motor
for finger
actuation,
prismatic motor
for size
adjustment
1 MCP, PIP (f/e) index No; Yes 6
Tong, Ho et al.
[67, 68]
2010-11 Linear actuators 5 MCP, PIP (f/e) index No; Yes
MCP, PIP (f/e) middle
MCP, PIP (f/e) ring
MCP, PIP (f/e) little
MCP, PIP (f/e) thumb
Iqbal et al. [69] 2011 Gears and motors 5 MCP, PIP (f/e) index No; Yes
MCP, PIP (f/e) middle
MCP, PIP (f/e) ring
MCP, PIP (f/e) little
CMC, MCP (f/e) thumb
de Araujo et al.
[70]
2011
Poly-articular
cables and
motors
1
MCP, PIP, DIP (f/e) grouped
digits (x4)
No; No 1, 2, 4
CMC, MCP, PIP (f/e) thumb
Burton et al. [71] 2011
Bowden cables
and braided
pneumatic
actuators, though
system is
independent of
actuation device
6 MCP, PIP, DIP (f/e) index No; Yes
MCP, PIP, DIP (f/e) middle
MCP, PIP, DIP (f/e) ring
MCP, PIP, DIP (f/e) little
CMC, MCP, PIP (f/e); CMC,
MCP (op†) thumb
Toya et al. [72] 2011
Pneumatic
bendinga
actuators
4 MCP, (f/e) grouped digits (x4) Yes (partial); Yes 2, 3
DIP, (f/e) grouped index, middle
DIP, (f/e) grouped ring, little
CMC, MCP, PIP (f/e) thumb
Tang et al. [73] 2012
Gears and
ultrasonic motor
1 MCP, DIP, (f/e) No; Yes 6
Rahman et al.
[74]
2012 Linear actuators 5 MCP, DIP, PIP (f/e) index No; Yes 1
MCP, DIP, PIP (f/e) middle
MCP, DIP, PIP (f/e) ring
MCP, DIP, PIP (f/e) little
CMC, MCP, DIP (f/e) thumb
Arata et al. [75] 2013
Single linear
actuator and
spring layer
mechanism
1
MCP, DIP, PIP (f/e) grouped
digits (x4)
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Noteworthy Hand Exoskeletons
An exhaustive description of all exoskeleton systems is unnecessary because of the redundancy
across existing exoskeletons. Balasubramanian et al. [30] and Heo et al. [4] provide detailed
reviews of exoskeletons and devices for the hand. This section highlights several exoskeletons that
demonstrate noteworthy success in one or more key areas, or are examples of highly developed
and mature designs.
An intention driven hand exoskeleton was developed by Tong et al. [67, 76] as illustrated
in Figure 1.7a. Linear actuators, one dedicated to each of the digits and the thumb, provide
independent powered movement. Each actuator simultaneously assists flexion and extension
of the MCP and PIP joints of the fingers and thumb. With a total of 5 DOFs, this exoskel-
eton represents a significant milestone for rehabilitative robotics. The assembly permits full
extension and flexion to 55o and 65o for the MCP and PIP joints, respectively. The dorsal
mounted circuitous joints leave the fingers and palm virtually free of obstruction, thus allowing
a high-degree of tactile interaction. The exo-joints feature adjustment plates so that the device
can be fitted to the exact dimensions of the wearer’s hand. With a total weight of 500 g, a
don/doff time of approximately 5 minutes, and adjustable CoR via mechanisms length make it
a relatively practical device. However, the distal phalange joints are not mechanically included.
This exoskeleton is noteworthy because of its sleek design, the dorsally located hardware, and
independent actuation of each finger.
Tadano et al. [61] developed a bi-articular glove actuated with a single pneumatic artificial
muscle capable of generating 20 N demonstrated in Figure 1.7b. This glove amplifies the wearer’s
grip, thus offering potential use for high-level stroke patients that can initiate some voluntary
hand functions. EMG testing demonstrated significantly decreased brachioradialis activity when
grasping a 3 kg load compared with the glove. While the palmar area is unobstructed, plastic
strips and digit caps appear to interfere with natural grasping. The authors describe the exo as
a 10 DOF device, but individual joint motion is not possible and thus features 5 effective DOFs
according to the conventions of this text. Rigid dorsal plates rotate about hinges above the joint
center of rotation. It appears that free space allows for spatial play in the fingers which prevents
this mechanical misalignment from being problematic.
A rapid prototyped highly customisable exoskeleton by Burton et al. [1] is among the most
sophisticated designs in the literature. The author created a kinematic model of the human hand
that simulated functional grasps, such as grabbing cylinders of varying radii. This model and
measurements of the patient’s hand are applied to a parametric CAD compilation of mechanisms
for a dorsal hand exoskeleton. This exo is capable of bi-articular actuation of all digits and even
supports powered thumb opposition via an optimised four bar mechanism. Customisation of the
entire unit provides a precise match with the wearer’s biomechanics and reproduction of natural
hand motion. The system is entirely located on the dorsal side of the hand and uses a systems of
pulleys to coordinate synergistic motion of the MCP, DIP, and PIP joints as in natural motion,
joints are typically activated together. After pilot testing, the author found that the device
demonstrated significant motor gains and did not impede natural hand motion [1]. At the time
of testing, the device detected the wearer’s intention with force sensors and then proceeded to
complete the grasping motion for the patient. The device involves flexion and extension in all of
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the finger and thumb joints, though the degrees of freedom are condensed to five zones required
for coordinating precision and power grasps.
Arata et al. [75] recently developed an exoskeleton featuring a three-layered sliding spring
mechanism as illustrated in Figure 1.7d . This novel design offers compliant actuation of flexion
and extension in each finger using a light weight, low profile wearable platform. The device tested
was able to accommodate a variety of male and female hands without precise customisation,
possibly due to the compliant nature of the mechanical structure. However, in its current state
the thumb is splinted in a position of opposition to the fingers with minimal extension in the
MCP joint. Thus, grasping larger objects such as a cup or jar would be impossible. The device is
aesthetically sleek, leaves the palmar area unobstructed, and utilises a novel mechanical linkage
that could be promising in future designs. The design currently has only basic validation and
clinical data is not yet available to assess its performance for stroke patients.
Although it is more an orthotic than an exoskeleton, the SaeboFlex (Saebo, USA) was
included because it specifically addresses hand training in the stroke population and has seen
relatively wide-spread use in clinics. The SaeboFlex is a simple, passive orthotic glove that
opens the hand using plastic digit caps connected to a set of springs. Patients typically use
the SaeboFlex to train with foam ball transport exercises. A Phase I clinical trial involving
a combination of repetitive task-oriented training with the SaeboFlex and FES demonstrated
positive functional outcomes [77]. Global functionality, flexion, extension, and muscle tone also
improved with the intervention. Though promising, additional clinical evaluation is needed to
adequately assess the device’s effectiveness. This device was investigated for this project and
can be further explored in future research. The SaeboFlex was not chosen as a platform for
modification in this project because its digit caps severely interfere with natural grasping and
its passive spring system could encourage flexor training which is not desirable for patients
unable to open the hand.
1.4.5 Summary
Exoskeletons face the considerable challenges of coping with a remarkably high number of
DOFs and complex biomechanical synergies. Even as exoskeletons, and the constituent electro-
mechanical technology improve and more DOFs become achievable, the demands for adequate
control systems and intention detection will pose another challenge for designers. Though vast,
the body of literature on exoskeletons is somewhat homogenised with a common set of charac-
teristics; they are complex and difficult to use (personally and/or clinically), or are simplified
to the point that biocompatibility and comfort are minimal. Rehabilitation technologies are
urgently needed in the present, and near-term clinical systems must focus on simplicity, ergo-
nomics, ease and low-cost of manufacturing, and target a realistic set of functions given the
patient population and design constraints.
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(a) [67] (b) [61]
(c) [1] (d) [75]
(e) [From www.saebo.com]
Figure 1.7: Noteworthy exoskeletons for hand rehabilitation and assistance.
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1.5 System for Independent Task-oriented Assessment and Re-
habilitation (SITAR)
1.5.1 SITAR Table
Balasubramanian et al. [31] reviewed robotic assessment of the upper limb in stroke and iden-
tified key features for its advancement. Chief among these criteria are inclusion of movement-
s/tasks with good clinical utility, multivariate analysis of these measures with and against ex-
isting clinical assessment scales, and relating these assessment metrics to the underlying neuro-
physiology. These are significant challenges, but ones which can be addressed with efficient,
compact, and low-cost multi-sensor assessment suites. An array of sensors evaluating kinematic,
kinetic, and compensatory activities during interaction with realistic, ADL-type objects could
facilitate (automatic/independent) assessment across all ICF domains. Additional information
and a summary of existing movement measures (e.g. active range of motion, movement time,
movement velocity, movement smoothness) and the robotic systems that assess them is provided
in [31]. Several of these measures are discussed and evaluated using two instrumented objects
herein.
SITAR, or System for Independent Task-oriented Assessment and Rehabilitation, is a novel
platform for the assessment and training of stroke-affected upper limb [78]. The system is
modular and easily reconfigurable with an array of instrumented objects that mimic interactions
in ADLs. The SITAR is compact and well-suited for deployment in both clinic and homes. Upper
limb recovery after stroke is generally poor compared with that of leg function, possibly due to
limited emphasis on arm training during acute therapy as general mobility is prioritised [36].
SITAR provides an independent assessment and training framework for addressing this deficit
without introducing additional burdens on clinicians and human resources. SITAR builds upon
existing knowledge and technology by incorporating key features that are linked to positive
functional, activity, and participation improvements: high-intensity, repetitive task training;
the future potential to train independently through supplemental training in the clinic or at
home; tasks mimicking ADL; adaptive training with a competitive or gaming; and an array of
inertial measurements behind the scenes to facilitate these features.
SITAR’s core component is a force-sensitive touch screen using four load cells distributed at
the corners of a rectangular class panel. Force measurements from each load cell allow determin-
ation of both the magnitude and location of the interaction using the technique described in [79].
The signals from these load cells are processed by an instrumentation amplifier and transmitted
to a host PC which controls the LCD display beneath the glass panel. Integration of a Microsoft
Kinect R© for additional motion tracking and measurement of compensatory movement and a
mobile arm support to facilitate forward reach are forthcoming features.
The Human Robotics Group developed SITAR to address these shortcomings and provide
a robust platform for assessment and rehabilitation. The SITAR hardware has the potential
to evolve into an adaptive system, changing with patient’s needs and skill level progressively,
recognising when tasks are too easy or difficult and adjusting accordingly just like a living
therapist would do in the clinic. This is critical for an independent training system as the
patient would lose interest without sufficient challenge or become discouraged if the task is
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AutoCITE [80] ReJoyce [81] [22] NTT [82] Armeo [83, 84] SITAR
Suitable for home use 3 3 3 3 3 3
Allows manipulation tasks
with real objects
3 3 3 7 7 3
Can quantify object manip-
ulation
3 3 7 7 7 3
Provides training with ob-
jects with similar afford-
ances to real life objects
3 7 3 7 3 3
Collocated visual and haptic
workspaces
7 7 7 7 7 3
Monitors movements 7 7 7 7 3 3
Provides feedback on com-
pensatory movements
7 7 7 7 7 3
Table 1.3: Novel contributions of the SITAR system.
impossible for his or her current skill level. This paradigm would promote a virtuous, rather
than vicious, cycle of success and reward to keep the user motivated and involved outside of
regular therapy session. Although Teasell et al. [20] found evidence suggesting that functional
outcomes are not improved when outpatient therapy is supplemented by home therapy, detailed
descriptions of the home-based therapy are lacking and the available evidence only considered
the Barthel Index for activity level assessment. It is this author’s opinion that an independent
training system with the appropriate exercise selection, integration of adaptation and feedback,
and the other features offered by the SITAR system would show positive therapeutic results.
It is also believed that that the SITAR training/assessment tasks can be generalised to other
similar tasks, and that its quantitative assessment capabilities make it especially well suited to
task-oriented training.
Existing technology-based rehabilitation systems lack the comprehensive features offered by
SITAR. The novel array of SITAR’s features are illustrated and compared with other systems
in Table 1.3. In particular, SITAR is the only system to offer to offer a collocated visual and
haptic workspace while also providing significant kinetic and kinematic data, thus the patient’s
natural visuo-motor coordination is preserved while also receiving visual, auditory, and tactile
feedback. The reader should note that SITAR is still under development and some of features
listed in Table 1.3 are planned but not yet integrated.
SITAR is currently beginning a multi center assessment study at clinics around the world.
The results of this study will be used to develop new metrics for assessment, to further develop
the SITAR system and adjust its spectrum of instruments objects as appropriate, and to develop
therapeutic interventions using the SITAR framework.
1.5.2 Multi-Modal Interactive Motor Assessment and Training Environment
(MIMATE)
A Multi-Modal Interactive Motor Assessment and Training Environment (MIMATE) module
is at the core of the SITAR table and each of its iObjects. The MIMATE is compact, recon-
figurable, wireless (via battery and Bluetooth R©) suitable for a wide range of devices targeting
rehabilitation and assessment as shown in Figure 1.8. An older version of the MIMATE is de-
scribed in [78]. The current MIMATE is a PIC18F6722 8-bit micro-controller based platform
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Figure 1.8: The MIMATE and its many versatile interfaces.
designed to interface with external sensors (e.g. switches, load cells, force sensing resistors). It
has an on-board commercially available nine axis Inertial Measurement Unit (IMU) which com-
bines a trio of acceleration, rate of turn, and magnetic field sensors (Analog Devices ADXL345,
an InvenSense ITG-3200, and a Honeywell HMC5843, respectively). On-board Light Emitting
Diodes (LEDs), a speaker, and a vibratory motor offer multisensory feedback for a range of
applications. The MIMATE’s use of industry standard interfaces such as USB and Bluetooth R©
(SSP connection, 240.4 kBaud) offer robustness, versatility, and ease of use with a host PC
or smartphone. A set of C++ libraries allows for the customised use of the MIMATE as a
slave device simply by writing programs on the local host platform. Overall, the MIMATE
accelerates the development of human sensorimotor behaviour assessment and rehabilitation by
allowing users to rapidly develop clinically-viable devices and equipment. Data transfer rates
between the MIMATE and the host are typically around 100 Hz, though lower data rates can
be programmed in the firmware.
1.5.3 Instrumented Objects (iObjects)
An array of intelligent objects containing force and kinematic instrumentation have been de-
veloped for manipulation and feedback. The devices are based on the MIMATE platform which
provides a high degree of modularity; each device and is capable of independent operation, or
in conjunction with, the table. Upper limb impairment and sensation loss cause difficulties for
stroke patients interacting and manipulating objects. The iObjects are designed to facilitate
independent, unassisted training in a setting modeled after interactions encountered in normal
living. SITAR currently utilises the following objects in its assessment and training program:
Intelligent box (iBox), is designed to monitor pick-and-place and unimanual manipu-
lation tasks. Skills assessed include the ability to lift and anticipate the amount of force
required to move an object from one location to the other.
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Intelligent can (iCan), is designed to monitor and facilitate rehabilitation of bimanual
tasks similar to opening a can, i.e. gross power grip tasks. Skills assessed include opening
a compressed fit cap.
Intelligent jar (iJar), to imitate removing a screw fit cap. Assesses the ability to ma-
nipulate objects requiring forearm pronation/supination and wrist radial/ulnar deviation,
and the ability to apply enough grip force to unscrew caps.
Intelligent key (iKey), Key manipulation and operation of a door/car lock. Assesses
the ability to perform fine finger manipulation (e.g. pinch grasp) and perform forearm
pronation/supination.
A specially instrumented wrist watch may be used to gather inertial measurements of the
upper limb during and between object interactions, either validation (providing redundancy) of
the object or additional information if there is a fundamental difference between the dynamics
of reach and use of the hand. The iObjects relevant to this work are discussed in greater detail
in later chapters.
1.6 The Structure of this Thesis and its Projects
This thesis first presents experimental validations of instrumented key and box objects developed
by the Human Robotics Group. The key was tested with several patients suffering from motor
deficits of a neurological nature. The box was validated with healthy participants. An instru-
mented stylus developed for the SITAR system is then presented and its initial validation is
discussed. Finally, a simple exoskeleton design is presented. All of these projects are within
the SITAR framework and future work could lead to their integration in assessment and re-
habilitation programs for stroke. Where possible, the spiral design methodology was practiced,
combining elements of iterative design and controlled features of the waterfall model. Key re-
quirements are identified and incorporated in incrementally released prototypes. Analysis and
testing of each prototype help refine requirements and specification for the next prototype. This
approach provides a steady stream of client or user feedback with each iteration and reduces the
risk of failure due to overly complicated features, specifications, and goals.
Chapter 2
Modification and Testing of the
Intelligent Key Object
“The future is already here it’s just not
evenly distributed.”
William Gibson (1948 -)
2.1 Introduction
Conventional assessment of sensorimotor functions is carried out by therapists using standard
clinical scales which are subjective and insufficiently sensitive to changes in motor performance
and behaviour [14, 15]. Alternatively, sensor based systems offer a quantitative approach to
motor assessment. The SITAR framework offers a comprehensive set of low-cost instrumented
objects for quantitative assessment and manipulation. This pilot study examines the design of
the intelligent key (iKey) and describes how it can be used to assess a subject’s performance
during fine manipulation tasks using the proposed metrics and techniques. Three subjects with
motor disability and one healthy subject participated in this study. Participants performed in-
sertion and rotation tasks that mimic the skills used in day to day key manipulation. A threshold
detection algorithm based on the Teager Energy Operator was applied to the object accelera-
tion signal to quantify time spent struggling with the task and Spectral Arc Length was used
to assess the smoothness of pronation/supination. Overall, the results indicate that increased
difficulty in task performance correlates with decreased smoothness in task performance.
To address these issues, several studies have investigated the use of robotic devices for the
assessment of the sensorimotor function in patients suffering from neurological diseases or in-
juries [85–87]. Although these devices primarily target rehabilitation, integrated sensors offer
complementary functionality as a means of monitoring task performance. This approach offers
This is a collaborative work with Asif Hussain. The intelligent key object was designed by Asif Hussain using
hardware developed in the Human Robotics Group; The experimental protocol was designed Wayne Dailey with
input from Sivakumar Balasubramanian; The experiment was carried out by Wayne Dailey; The data analysis
and metrics were developed by Wayne Dailey and Asif Hussain. This chapter is adapted from an unpublished
manuscript by Wayne Dailey and Asif Hussain et al. (2013).
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a more quantitative and precise way of assessing subjects performance compared to the sub-
jective measures currently used in clinical practice. Robotic-aided assessment does not require
additional time as it is performed simultaneously with regular therapy. However, assessment
is subject to the physical constraints introduced by the therapy robot, and the high costs and
design complexity typically associated with these devices limit their use in clinical environment.
Sensor-based technology for the measurement and quantification of sensorimotor performance
may offer an alternative solution to robotic assessment. Compact, low cost, and intrinsically
passive thus safe sensors (as no motor is involved) have the potential to be easily wearable,
deployed in home, and installed in the clinical environment [81, 88, 89]. Some of these systems
are already on the market and are being used extensively in clinical environments for measuring
specific sensorimotor information covering the impairment level of health and motor disability,
as defined by international classification of health and disability (ICF) nomenclature [2]. For
example, Jamar is one such standard tool that uses force information to determine impairment in
grip strength [90]. However, limited work has been done on the design of sensor based systems
to quantify a subject’s ability at the activity level during tasks requiring skill. In response,
we have designed a set of compact cost-effective intelligent objects using multiple sensors for
assessment (and rehabilitation) of subjects performance during complex (skilled) tasks in order
to quantify disability at the activity level [78, 91]. This chapter discusses the design of the iKey,
its improvement since the previous version, and introduces a pilot study that demonstrates how
sensory data can be used for assessment of fine manipulation tasks.
2.2 Methodology
2.2.1 Apparatus
The apparatus used in this study is a modified version of the intelligent key presented in [78].
The apparatus and its modifications are explained briefly. The hardware consists of three main
components: MIMATE, the keys, and a box for key insertion.
Keys
Two types of keys were designed for the purpose of the study. Both keys resemble typical keys
(dimension 60x30 mm). Each key consists of a cuboidal body, which the subject uses to grasp
the key, and a shaft which is inserted into a keyhole. The only difference between the two keys
is the design of the shaft. The first key (Key-1) has a cylindrical shaft while the second key
(Key-2) has the same cylindrical shaft with an extrusion along one end. Key-1 can be inserted
in the keyhole in different configurations depending upon the keyhole selected. Key-2 can only
be inserted in one possible way. The two keys were designed to grade the level of difficulty for
key insertion. The easiest key insertion requires no specific configuration while the most difficult
demands exact alignment.
A circular FSR with a sensing diameter of 12.7 mm is placed on one of the faces of the
cuboidal part of each key as illustrated in Figure 2.1. This part of the key also houses a vibrator
to provide tactile sensory feedback. Both keys can be connected to the box (one at a time)
through a cable to the MIMATE module. The MIMATE facilitates the acquisition of force
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Figure 2.1: Top: A 3D model of the iKey object and the design of keys. Bottom: The iKey in
use.
information and can be programmed to activate or deactivate vibratory tactile feedback on the
key.
Box
The box contains three keyholes for key insertion, an accelerometer to detect any form of in-
teraction with the object, a potentiometer (encoder) to measure the angle, and a MIMATE
module. Two keyholes are positioned on the front of the box and the third key hole is on the
right side, and in theory, visually obscured from the user. Keyholes-2 and 3 each consist of a
circular hole for key insertion. Keyhole-1 differs slightly as it incorporates an encoder which can
detect the rotation of the keyhole. Additionally, Keyhole-1 is extruded to form a plus-shaped
grove which allows a limited number of configurations for key insertion, i.e. for Key-1 only
two configurations are possible, and for Key-2 only a single configuration is possible. Figure
2.1 illustrates the configurations in greater detail. Each keyhole contains an internal switch to
detect key insertion.
The box houses a MIMATE for collecting and transmitting the data, allowing for easy in-
tegration with the SITAR or operation as a standalone device. Data from the switches, acceler-
ometer, encoder (potentiometer), and the key force sensor are sampled at approximately 100 Hz
by the MIMATE. All of the recorded information is transmitted wirelessly to a workstation
where it is processed and stored for online feedback and later analysis.
2.2.2 Experiment
The iKey was experimentally evaluated on one healthy subject and three patients with motor
deficits of the upper limb. Individuals with upper limbs affected by neurological disorders or
non-neurological conditions that cause motor deficits who were cognitively able to understand
the task and instructions were selected for the study. Patients without any functionality of the
CHAPTER 2. INTELLIGENT KEY OBJECT 39
Figure 2.2: Depiction of the subject and iKey placement.
affected upper limb were excluded. Table 2.1 summarizes the characteristics of each subject. All
subjects in this study were naturally right-hand dominant with right-side hemiparesis (where
applicable). Recent Box and Blocks test scores were available for each of the patients involved
in this study. The Box and Blocks test involves transporting blocks between two adjacent
compartments of a box as quickly as possible using only the affected hand. The patient’s score
is simply the number of blocks transported at the end of 60 s. The test measures gross manual
dexterity, offers simplicity, and can be completed in 5 minutes or less [].
iKey assessment participants were seated on a chair or wheel chair (depending upon severity
of impairment or injury) in a symmetrical position with the trunk extended. The iKey was
placed in front of the subject, along the mid-line, with Keyholes-1 and 2 facing the patient.
The key appropriate for the each task (explained later in the section) was placed in front of
the patient midway between the front of the iKey and the edge of table along the midline with
the shank of the key pointing toward the iKey, the force sensitive side facing up, and the cable
connecting the key to the box running to the right relative to the subject’s perspective. Figure
2.2 illustrates the positioning of the patient and the iKey object.
The purpose and structure of the experiment was explained to the patient. A demonstra-
tion of each task was provided before starting the experiment and verbal cues were provided
throughout all of the trials. Testing was conducted under the supervision of the patient’s on-
duty therapist. During each trial, subjects were asked to complete the following four tasks. In
the case of Tasks 3 and 4, the patients were instructed to rotate 90o in both directions to the
best of their ability.
Task 1: Grab Key-1 ; Insert Key-1 into Keyhole-2 (front, bottom); Remove Key-1 and
place in original position.
Task 2: Grab Key-1 ; Insert Key-1 into Keyhole-3 (side); Remove Key-1 and place in
original position.
Task 3: Grab Key-1 ; Insert Key-1 into Keyhole-1 (front, top); Rotate counter-clockwise
(CCW); Return to center; Rotate clockwise (CW); Return to center; Remove Key-1 and
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Table 2.1: Summary of the subjects and relevant clinical information.
Subject Sex Pathology Other Conditions Box and
Blocks
Scores
Dominant
Hand
Affected
Hand
1 Male Healthy None N/A R N/A
2 Female Peritoneovenous shunt,
(R) weakness (full)
None R:26 L:52 R R-(full)
3 Male Traumatic brain in-
jury, (R) weakness
(full), (L) weakness
(partial)
(R) radial ulnar frac-
tion, bi-lateral coordin-
ation issues
R:48 L:42 R R-(full),
L-(partial)
4 Male Acute encephalomyel-
itis
None R:18 L:32 R R-(full)
place in original position.
Task 4: Grab Key-2 ; Insert Key-2 into Keyhole-1 (front, top); Rotate counter-clockwise
(CCW); Return to center; Rotate clockwise (CW); Return to center; Remove Key-2 and
place in original position.
The order of tasks was randomised at the beginning of each trial and verbal instructions
indicating which task to complete and how to complete the task were provided. Patients were
instructed to stabilize the iKey with the unaffected limb and use only the affected limb for key
manipulation. Keys-1 and 2 were interchanged by the experimenter at the appropriate time in
accordance with the task order for each trial.
2.2.3 Data Analysis
The initial two seconds of data from each trial were ignored and the standard deviation of the
acceleration magnitude was calculated between t = [2, 4] s relative to the start of the trial. The
following measures use the magnitude-mean acceleration data, calculated from the x, y and z
acceleration components, for the struggle time metric developed later in this section.
Encoder measurement data of Keyhole-1 angular position was segmented into four sections
during rotation tasks (Tasks 3 and 4). Each segment was processed independently. Angular
position data for key rotation in Tasks 3 and 4 were grouped together because rotation is
independent of key type once insertion is achieved.
Struggle Time
Struggle time was developed as a metric for quantifying the difficulty in completing any of the
four tasks considered in this study. It is assumed that periods of heightened acceleration activity
(e.g. when the box is disturbed during poorly coordinated key insertion) correlates with greater
difficulty for the subject. The acceleration data was segmented by task and the struggle time
for each was calculated by converting the mean magnitude acceleration to Teager Energy and
applying a threshold detector.
Teager Energy: The Teager Energy Operator (TEO) is a common signal processing technique
that provides an estimate of the instantaneous energy of an arbitrary signal [92, 93]. The
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definition of the discrete TEO [92] is given by:
Ψ[sn] = s
2
n − sn−1sn+1 (2.1)
where sn is an arbitrary discrete time signal.
Teager Threshold Detector: A threshold detector was designed for analysis of the Teager
Energy (TE) of acceleration to identify periods of pronounced kinetic activity. The threshold de-
tector algorithm operates on both TE magnitude and duration. Including duration ensures that
isolated spikes are excluded from the metric. The TE standard deviation between t = [2, 4] s, i.e.
the initial rest period, was calculated for each trial and used as the baseline for the threshold.
The magnitude criterion was satisfied when the magnitude of the TE exceeded 7 times the
baseline standard deviation. The detector was activated at each data point exceeding threshold.
The detector was maintained in the active state until the threshold criterion was no longer sat-
isfied at any point within a period of 0.5 s. If a point satisfying the threshold was encountered,
the duration counter was reset to search the next 0.5 s data set. Finally, threshold pulses lasting
0.2 s or less were removed.
Smoothness of Key Rotation
The smoothness of the pronation/supination key rotation movements of Tasks 3 and 4 were
assessed by breaking both tasks into four subtasks: CCW rotation (pronation) from center, CW
rotation (supination) toward center, CW rotation from center, and CCW rotation toward center.
A cubic spline fit was applied to the subtasks angular position and the data was up-sampled to
1000 Hz. Angular velocity was then calculated by numerical differentiation.
Spectral Arc Length: The Spectral Arc Length (SAL) smoothness metric developed in [94]
was applied to angular velocity of the subtasks in each trial. SAL is a robust, dimensionless
measure of the length, and thus the complexity, of a frequency spectrum curve over the band-
width of interest. SAL is defined by:
ηsal
def
= −
∫ ωc
0
√√√√( 1
ωc
)2
+
(
dSˆ(ω)
dω
)2
dω, Sˆ(ω)
def
=
S(ω)
S(0)
(2.2)
where S(ω) is the Fourier magnitude spectrum of the speed signal s(t) and [0, ωc] is the frequency
band occupied by the movement of interest. For this study, the upper frequency bound was set
to 20 Hz as this is typically sufficient to capture normal and abnormal human motions [94].
2.3 Results
All participants were able to complete the tasks with the exception of Subject 4, who was unable
to complete the tasks without assistance from a therapist and struggled to follow the instructions
properly. The data of Subject 4 was excluded from the results in this study.
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(a) (b)
Figure 2.3: Struggle time for healthy subject is less compared to affected population. Error bars
provide the standard deviation for each data set, each with n = 3. (a) shows task performance
of healthy subject and calculated struggle time and (b) shows task performance of one impaired
subject and estimated struggle time.
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Figure 2.4: Bar plot of struggle time of analyzed population.
Figure 2.3 demonstrates typical data for Task 4 for the healthy and one affected subject.
The top plots illustrate the angular position of Keyhole-1 and the force detected by Key-2 while
the bottom plots provide the TE of the mean magnitude acceleration and the resulting threshold
detector.
2.3.1 Struggle Time
Figure 2.4 shows struggle time for each task. The results indicate that overall struggle time
for the healthy subject is lower than that of the affected population. Error bars show standard
deviation with n = 6 for each data set (Tasks 3 and 4 were combined so n = 3 + 3)Among
the different tasks, struggle time is higher for tasks in which the subject had to orient the
key appropriately for insertion into the keyhole, i.e. struggle time is higher for Tasks 3 and 4
compared to Tasks 1 and 2.
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Figure 2.5: Movement is less smooth for subjects with higher degree of disability (see box and
blocks test score).
2.3.2 Smoothness of Key Rotation
The results of the smoothness measure also indicate an increase in smoothness of key rotation as
the level of disability decreases, i.e. the subject with higher box and block score has higher value
of smoothness that the subject with the lower score. Figure 2.5 shows the combined results of
rotation during Tasks 3 and 4. Since Tasks 3 and 4 differ only in key insertion, the key rotation
subtasks of both cases are grouped in the assessment of smoothness.
2.4 Discussion and Future Work
In this study we describe the design of the modified version of the iKey and demonstrate its
use in the assessment of fine manipulation tasks by examining subject performance in activities
similar to key handling and manipulation. Three parameters were considered for the purpose of
assessment: 1) successful key insertion, the ability of subject to successfully insert the key inside
the three different keyholes which varied by type/configuration, 2) struggle time, the amount
of time subjects struggles to perform a task as a result of wrong orientation, positioning, etc.
and 3) smoothness, the ability of the subject to efficiently perform the defined pronation and
supination tasks. Although the number of subjects tested was limited, the results indicate that
these measures have potential use for quantitatively grading a subject’s performance. In this
case all subjects were able to place the key in the key holes. In general, subjects with severe
disability may have more difficulty placing the key in the keyhole, especially for cases in which
the key requires a specific orientation.
Struggle time for the healthy subject is always less than that of the unhealthy subjects and
increases for tasks involving specific orientation of the key; subjects with disability experience
difficulty in orienting and positioning the key in front of the hole and the chance of striking
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the wall of the box will be greater, as is evident in the data. Smoothness has been used as
a measure of task performance in number of studies [31, 87, 95, 96]. In general, increased
smoothness is observed for healthy subjects. We have used the Spectral Arc Length proposed
by Balasubramanian et al. [94] as it has been shown to be more robust than other measures
proposed. Our findings are in agreement with the previous results, i.e. smoothness increases
with decrease in disability.
The current study was open to subjects with any form of upper limb motor deficits as the
aim was to simply investigate the principle of operation. We aim to do a broader study with
larger set of patients, but with a more refined inclusion criteria to investigate reliability and
sensitivity of the measures proposed. The current study did not assess force information from
iKey as patients often grab the key without touching the force sensitive surface. This issue needs
to be addressed in future studies.
Multivariate analysis of these measures can be used to help grade a subject’s performance,
but this remains to be investigated. The results indicate that acceleration data recorded from the
box can be used to estimate the subject’s difficulty using the struggle time metric and Spectral
Arc Length can be applied to key rotation tasks to assess smoothness in pronation/supination.
Chapter 3
Pilot Validation Studies with an
Intelligent Box Object
“We have to continually be jumping off
cliffs and developing our wings on the
way down.”
Kurt Vonnegut
3.1 Introduction
An instrumented object has been developed to facilitate quantitative assessment and replicate
real life manipulation tasks. The intelligent box, or iBox, was designed to be a low-cost, robust,
and easy to use tool for both assessment and rehabilitation. It is sufficiently generic to function
as a simple pick-and-place tool, yet provides high-fidelity force and inertial data to describe and
analyse the activity. This work builds upon recent experiments with our collaborators [97] in
which the grasping strategies and functionality of healthy and hemiparetic patients is studies.
This study examines ability of the iBox object to assess and quantify subjects ability to
perform object grasp and transport (pick-and-place) tasks. It also validates the IMU wrist
watch which can be used independently or together with the objects and the SITAR table. The
experiment will help determine if inertial measurement and force data can be used to understand
how the subject interacts with the iBox and performs the task. The iBox experiment will assess
the usefulness of the pick and-place assessment using force, acceleration, and orientation data
and will elucidate the amount of useful kinematic data that the iBox can provide for assessment
tasks and interactive rehabilitation activities with the SITAR. Healthy subjects were asked to
complete a series of pick and place tasks. Performance and assessment metrics will be applied
to the data to assess validity and repeatability of the data acquired. Comparisons between these
experiment and results in the literature provide additional validation for the iBox.
This is a collaborative work with Asif Hussain. The instrumented box object was designed by members of
the Human Robotics Group; The instrumented watch case was designed by Asif Hussain, Alessandro Allievi, and
Wayne Dailey. The experimental protocol was designed by Wayne Dailey with input from Asif Hussain; The
45
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Figure 3.1: Computer rendered images of the intelligent box and watch objects with reference
coordinate systems. The IMU wrist watch is 45x40x16 mm and the box is 108x70x40 mm by
dimension.
3.2 Methodology
3.2.1 Apparatus
The iBox used in this study has a mass of approximately 450 g. The core and plates form a
parallelepiped with dimensions 108x70x40 mm. The iBox consists of a rapid prototype platform
(ABS-like 3D printer material) to house a MIMATE and six load cells (Phidgets, 0 − 25 kg)
for force detection on six carbon fibre plates, each capable of measuring up to 20 N. The IMU
provides the box’s acceleration components and rotational velocities. These measurements are
processed by data acquisition software developed by the Human Robotics Group to provide the
yaw, pitch, and roll values for the iBox.
The IMU wrist watch is a 3D printed case that houses a MIMATE module. Foam padding
is used to ensure that the MIMATE fits securely. The dimensions of the box are approximately
45x40x16 mm. A Velcro strap was used to secure the unit to the subject’s wrist just like a
normal watch. An additional attachment designed for a rechargeable battery can be used for
wireless operation. In this experiment, only USB power was used and the battery case was
omitted.
3.2.2 Subjects
Five healthy male adults between the ages of 23 and 25 volunteered to participate in this study.
All subjects reported themselves as right-hand dominant, free of any injury or medical condition
experiment was carried out by Wayne Dailey and Asif Hussain; The data analysis was carried out by Wayne
Dailey. The metrics were chosen from the literature and/or developed by Wayne Dailey and Asif Hussain. The
data acquisition software was developed in the Human Robotics Group by Nicholas Roach.
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Figure 3.2: Computer rendered images of the intelligent box and watch objects with reference
coordinate systems.
that would affect their ability to perform the experiment, and verbally consented to take part
in the study.
3.2.3 Experiment
The participants were seated upright in from the SITAR table with the sternal notch approxim-
ately 10−20 cm from the front edge of the table. The experimental setup is illustrated in Figure
3.2. Each subject was asked to perform the following 3 tasks for a total of 5 trials per task. The
subject was seated upright facing the front edge of the SITAR display table. The experimenter
demonstrated each of the tasks before the subject could begin the experiment. Participants were
asked to wear an inertial measurement watch on the right wrist attached securely to the dorsal
radial-ulnar plane.
During the tasks subjects were allowed to use only the dominant upper limb (in this case,
all subjects were right-hand dominant) and to complete each task at a comfortable pace and
self-selected motor strategy. The subject must start by touching a point along the midline 7
cm from the front edge of the table until instructed to begin the task. The experimenter waits
approximately 5 s before prompting the subject to begin. For each task, the box was placed
in front of the subject and aligned along the mid-line 40 cm forward of the start position.
Once permitted to leave the starting position, the subject was instructed to complete the entire
transportation of the box at a comfortable pace from the initial position to a target (marked on
the table) located co-circularly with a clockwise rotation of 45o. Upon completion of each tasks
the box is picked up, the experimenter reset the box according to the next task and reset the
table and object measurement systems as necessary.
Task 1: Large face down, long face toward subject.
Task 2: Small face down, large face toward subject.
Task 3: Long face down, large face toward subject.
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3.2.4 Data Analysis
All data analysis was completed using Matlab (Mathworks, Natick, MA, USA). The data from
t = 0−1 s of every trial was discarded to remove any transient spikes. The data from t = 1−2 s
(approximately 100 data points) were used to generate baseline mean, standard deviations, and
other baseline parameters. Unusual offsets in the data were removed where appropriate using
these baseline values.
Constituent Activity Segmenting
A software algorithm was written to automatically segment the data from each trial into three
main phases of the task: forward reach toward the box, grasping the box, and transporting the
box to the target location. The forward reach phase is defined as the moment when the subject
breaks contact with the table to the moment when contact is made with the box. The table
force data was smoothed using a moving average filter with a span of 10 samples to remove
any artificial spikes that might incorrectly trigger the algorithm. The grasping phase begins
immediately after the box is lifted completely from the table and ends when the full weight
of the object is detected by the resting face of the box. Table 3.1 summarises the algorithm’s
segmenting conditions. The data indices for these key points are stored and used to analyse
each phase individually. The segmenting process for every trial was visually inspected to ensure
that the algorithm segmented the data correctly.
Event Trigger Notes
Initiate reach Falling edge detection, Table Force < 2 N Force smoothed
End reach, begin
grasp
Total force on box > 10 STD of baseline with
noise
End grasp, begin
transport
Total object weight detected on resting box face Assumes subject
does not touch
resting box face
End transport, end
task
Total object weight detected on resting box face
Table 3.1: Sorting conditions for the segmentation algorithm.
Task Performance Metrics
The iBox metrics evaluated are an extension of those applied to the iKey. The first metric
evaluates the time spent during each phase of the tasks (refer to 2.2.3). For example, in the
reach-to-grasp studies of Wenzelburger et al. [98], significant correlations between grip forma-
tion, stabilisation, and motor deficit during the transport and lift stages of precision grip tasks.
It is reasonable to break the iBox tasks into these essential stages, though segmentation with a
finer resolution is possible and will be evaluated in future studies. Upper limb deficit may be
concentrated in the hand while leaving forward reach intact, or grip may be possible but suc-
cessful transport is too difficult. Segmentation allows each of these aspects to be independently
evaluated and compared.
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Orientation Tracking
The SITAR software package developed in the Human Robotics Group provides the yaw, pitch,
and roll for the watch and box objects using the conventions described in 3.2. The measured
yaw, pitch, and roll measurements angles were used to track the spatial orientation of the watch
and box throughout the task. Baseline values were used to define the start orientation of the
box during the initial stage of each trial. The rotation matrices for the yaw, pitch, and roll are
given by:
Rx(α) =
1 0 00 cos(α) − sin(α)
0 sin(α) cos(α)
 (3.1)
Ry(β) =
 cos(β) 0 sin(β)0 1 0
− sin(β) 0 cos(β)
 (3.2)
Rz(γ) =
cos(γ) − sin(γ) 0sin(γ) cos(γ) 0
0 0 1
 (3.3)
R = Rz(γ)Ry(β)Rx(α) (3.4)
Rfront = Ry(γ)Rz(β) (3.5)
where α, β, and γ describe the yaw, pitch, and roll, respectively, consistent with aeronautical
conventions. Care must be taken when applying these rotations because they are not commut-
ative; in a macro-rotation comprised of several constituent x, y, and z rotations, each rotation
operation is relative to the previous. This is easily illustrated by rotating a piece of paper by
90o sequentially in the yaw, pitch, and roll, and then in the reverse order starting at the same
initial spatial orientation. The paper’s final orientation in both cases will be different.
The gravity vector was determined from the yaw, pitch, and roll values, averaged over
t = [1, 2] s, at the start of each trial. An artificial unit vector opposite in direction to the
gravity vector from the accelerometer was introduced for each task. In each case, the vector is
simply a basis vector defined in the positive direction of the box’s vertical axis. The yaw, pitch,
and roll angles were used in Equation 3.2.4 to track the boxes orientation throughout the trial.
However, this neglects rotations that are not influenced by the gravity experienced by the box
because rotation about the vertical axis (relative to the table) is neglected in the end result if
the box is held perfectly level. To resolve this ambiguity, a basis vector pointing toward the
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Figure 3.3: Typical acceleration and force data collected from the iBox. The coloured regions
represent the three main actions in the manipulation tasks.
front the table from the front of the box was introduced and rotated with respect to non-vertical
axes using Equation 3.2.4.
3.3 Results
Typical force and acceleration data are illustrated in Figure 3.3. The solid blue trace shows the
total force exerted by the subject on the box, excluding force data from the face that makes
contact with the table. The green trace is the gravity compensated mean acceleration of the box.
As is typical in grasping tasks, the user’s grip force escalates prior to the object’s acceleration
in preparation for the resulting motion. The constituent phases of the task are labeled with
coloured regions in the figure. The segmenting algorithm accurately and reliably partitioned the
data for sub-task analysis.
The time spent during each phase and the smoothness of the kinematic data was averaged
across all trials and plotted in Figure 3.4. Since the subjects’ overall smoothness and time metrics
do not vary significantly between task types, all data was combined for analysis. Similarly,
the spectral arc length metric described previously (see Section 2.2.3, [94]) was applied to the
numeric integral mean instantaneous acceleration (i.e. velocity). The spectral arc length (SAL)
smoothness was calculated for each activity phase of all trials, and grouped only by activity
phase. The mean value of all subjects are summarised in 3.4b.
The inverted gravity vector and the front-face normal vector were plotted along a semi-
circular path between the box start and final positions. The vectors for Task #1 (Subject #1,
Trial #1) were plotted with arbitrary lengths in Figure 3.5 and thus are only an indication of
orientation. The pink vectors indicate the direction normal to the top of the box while the blue
vectors indicate the direction normal to front face in the x-y plane. The reader should note that
the circular path is an artificial route for illustrative purposes only; subjects were free to choose
transport strategy and may have followed circular, linear, or any other path. Additionally, the
orientation values were linearly distributed across the circular arc. Position was not tracked
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Figure 3.4: Analysis of the task phases: (a) Mean time spent during each activity phase across
all subjects, tasks, and trials, and (b) Mean spectral arc length from the accelerometers during
the dynamic activity phases across all subjects, tasks, and trials. Smoothness decreases as the
SAL value approaches negative infinity.
during the experiment so it is not possible to synchronise position and orientation without
further investigation and analysis (see Section 3.4). These results are however promising as they
illustrated the orientation tracking capabilities of the device and will be valuable as the iBox
and its software are further developed.
3.4 Discussion and Future Work
This study validated the iBox as a tool for clinical assessment using the SITAR framework.
The box provided reliable data that was repeatable across 5 healthy control subjects. Although
the participants were free to self-select grasping and transport strategies, the smoothness of
the motion was consistent across all subjects with extremely small standard deviation values.
The difference in SAL values between the watch and box acceleration during box transport was
insignificant as expected. Stroke patients, however, may not have such a high degree of consist-
ency due to tremor in the arm, wrist, and hand. In the case of healthy subjects’ performance,
smoothness is consistently around -1.75, though a much larger number of subjects is needed to
establish a reliable baseline.
The time spent completing each phase was less consistent, though relatively short in all
cases. The reach phase was the longest component of the task and the subjects were observed as
cautious or intentionally slow when reaching forward which is most likely a psychological effect of
the instrumented watch and a natural response to participation in an experimental environment.
The grasp phase was consistently short (< 0.25 s) with minimal variation. Subjects with hand
impairment are expected to spend considerably greater time during this component of the task.
Investigations of the grip force spectrum and its bandwidth were planned, but the grasp phase
was so short in most cases that there were too few data points for any substantial frequency
analysis. This metric may have greater utility with stroke patients who would spend considerable
time achieving a grasp. The transport phase showed a high standard deviation relative to its
magnitude, but this is of little consequence because the mean time is (< 0.25 s).
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Figure 3.5: An example of orientation tracking during the task.
The segmenting techniques used in this study only work if several assumptions hold true
(e.g. the subject does not touch the table/box contact face, the user’s initial contact with
the table is relatively stable). These assumptions are difficult to justify in the case of stroke
patients and additional coding and robust conditional statements, such as incorporation of
IMU data, are necessary. Grasp identification algorithms could address this issue while also
providing additional information both for patient assessment and increased autonomy of the
SITAR system. A more reliable approach could involve a combination of table contact force and
watch velocity thresholds to accurately detect the initiation of a forward reach.
Future metrics should make additional use of the orientation tracking data for evaluating
motor performance. The Spectral Arc Length metric could be applied to the angular velocities as
an additional metric for smoothness. Though this would most likely be insignificant for healthy
subjects, the stroke population can be expected to show significantly different results. Kong
[99] successfully developed an IMU-based GPS system using Kalman filtering techniques, taking
advantage of the magnetometer measurements from their IMU. Although it remains to be seen
if the IMU used in the MIMATE would be sufficiently accurate to track position on the small
scale (< 1 m) of the SITAR, this is a promising application that is worth investigation. The
trajectory of the box and the user’s limb (via the watch) could be tracked throughout assessment
tasks, opening the possibility of new metrics and comparisons between spatial strategies adopted
by patients and healthy subjects.
The data from this study can be further evaluated using the measures in [98] including
comparisons between wrist position and velocity, load force, and grip force. These features
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were also linked to the type of lesion which shows the promise of instrumented devices and
the utility of the iBox as a assessment tool. Load force in particular, which measures on the
forces opposing lift by removing non-gravitation inertial influences on grip force perpendicular
to the vertical movement. Examination of load force allows for accurate analysis of dynamic
loads and examination of temporal coupling between grip strategy and acceleration-augmented
interaction forces [100]. Although additional work is needed, the iBox has the potential to
enhance stroke assessment, rehabilitation, and more general motor control experiments as it can
provide valuable information on motor strategy.
Chapter 4
A Force-Sensing Stylus for
Assessment and Training
“The pen is the tongue of the mind.”
Horace
4.1 Introduction
Although keyboards and touchscreens have largely replaced pen-and-paper writing at the office,
in schools, and at home, handwriting is still an intimate aspect of daily life and is required
for signing a document, making a grocery list, or writing in a birthday card. Regaining this
fundamental motor skill, aside from functional motivation, could help promote the virtuous cycle
of improvement. Writing or drawing games offer an additional opportunity to train coordinated
reach while also involving the hand. A force sensing stylus with inertial measurement capabilities
has been developed and is presented and described in this chapter. The stylus is based on the
MIMATE platform for standalone operation and easy integration with the SITAR framework.
Three semi-cylindrical shells are linked to a core, each via a single load cell to measure grip
force. The writing end uses a fourth load cell and a floating stylus point to measure contact
force with a table or surface. The initial design and performance of the stylus are presented, as
well as points for improvement in future versions. The reader should note that this device needs
additional work before it can be fully validated and tested.
4.2 Methodology
4.2.1 Design Requirements and Goals
The initial design is totally passive to reduce complexity and quickly realise a functional pro-
totype satisfying the basic requirements for an instrumented stylus. The following goals and
specifications were proposed for the first design:
The instrumented stylus was designed by Wayne Dailey. The MIMATE module was developed by the Human
Robotics Group.
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Measure grip force: The grip force exerted can provide useful metrics. The instrumented
box described previously (3.2.1) offers a greater resolution in grip force control measurement and
assessment but coarse measurements are sufficient for the stylus. The stylus targets patients
with some hand functionality and the ability to initiate or the potential to recover power grip.
Patients capable of precision grip and individual finger control will not need this device and
force sensing with a high spatial resolution is unnecessary.
Measure writing surface contact force: The SITAR will be capable of detecting contact
with the stylus but additional measurements independent of the table load cells is required. Wrist
or forearm contact with the table during writing exercises will cause erroneous force readings on
the table. The measurement redundancy of the stylus eliminates this issue, offers more precise
measurements, and permits the stylus to be used with other surfaces and systems.
Realistic size: A slim profile like a typical pen or pencil is inappropriate for stroke patients
that could benefit from this device. The device should be of a reasonable size so that it mimics
a realistic writing implement such as a marker. However, patients are unlikely to have sufficient
hand webspace to accommodate excessively large devices. Geometric and volumetric limitations
in the manufacturing processing and appropriate sensors impose a lower boundary on size so
minimisation is a crucial design criterion.
Light weight: The stylus should be easy to hold with a total mass less than 200 g.
Wireless operation is anticipated in future versions, but a wired configuration was chosen
for the first design and evaluation cycle. Aside from the possibility of visual and informational
feedback from SITAR, the first prototype is entirely passive. Future versions may include vi-
brotactile feedback or integration with external haptic systems.
4.2.2 Design and Manufacture
Force-Sensing Resistors (FSR) provide a simple method for grip detection but are not well-
suited to this application because of issues including hysteresis, drift, non-ideal sensitivity to
contact area, and non-linear behavior outside of a relatively short force range. A hydraulic
pressure-based solution was also considered. An oil-filled stylus with embedded liquid pressure
sensors would detect changes in the oil pressure as the user deforms the stylus shell during use.
This strategy is, in principle, independent of geometry and would allow for a variety of grip
shapes and sizes as demanded by the therapy application and the patient’s ability. However, the
limited availability of low-pressure liquid pressure sensors and fabrication constraints rendered
this method impractical.
A simple load cell design was chosen for the prototype. Miniature beam load cells with
a range of 2 lb (Bury St Edmunds, UK) were chosen for their minimal profile and reliable
measurement characteristics (refer to Appendix C for additional information). The core of the
stylus consists of a triangular extrusion with mounting points for one load cell on each face. The
physical contact area between the load cells and the core terminates at the mechanical ground
point recommended by the manufacturer (see Appendix C). Each load cell is secured by one
#4-40 UNC machine screw threaded directly through the load cell, distal to the load point, and
the core. The screw threads into a steel nut nested in a slot in the core to ensure that the load
cell is securely mounted. Three semi-cylindrical shells of 36 mm outer diameter, 3 mm thickness,
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Figure 4.1: A CAD diagram of the stylus assembly and its components.
and subtending 115o, were manufactured using 3D printing. The load cell contact point was
placed at the center of each semi-cylindrical shell to minimise disparity in shell deformation due
to torque. Although the final diameter exceeds the diameter of each shell, the eccentricity is
minimal and helps reduce the total diameter.
A button-type axial compression load cell in a cylindrical package is affixed to the base of
the stylus core via screws and a custom manufactured mounting cap. The load cell features
a range of 25 lb which is sufficient to survive harsh collisions with the writing surface. The
mounting cap supports a peg with a spherical end point. This peg, which functions as the tip
of the stylus, slides freely in the mounting cap and directs the contact force during writing to
the load cell. There is a gap smaller than 1 mm between the top plate of the stylus tip and
the load cell contact point. When the stylus is held freely in the air there should be no contact
between the load cell and the writing tip, but contact is easily established when the tip interacts
with a surface. Since displacement between free and contact operation is minimal, there is little
mechanical play in the tip when writing on a surface.
Various fillets and chamfers were included to reduce shearing stresses and simple extrusions
were added to help secure the load cells relative to the core and outer shells. Detailed CAD
drawings are included in Appendix B. Figure 4.1 illustrates the stylus concept and identifies its
key components. The core serves as the mounting point for the load cells, and by extension, the
grip plates. The wire conduit atop the core provides a convenient and axially-centered position
of the IMU which is secured with a nylon screw. Wires from the writing point load cell are
routed through the core and the conduit out the top. Similarly, the beam load cell wires are
routed through the conduit and out through the top of the stylus.
The core, shells, load cell mounting cap, and writing tip were manufactured using an Objet30
Pro Desktop 3D Printer (Stratasys) using the VeroClear RGD810 ABS-like polyjet material. The
stylus was assembled by first bolting the button-type load cell for writing force measurement to
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Figure 4.2: A prototype of the instrumented stylus. A: Complete assembly. B: IMU placement
in the core. C: Axial compression load cell and stylus tip configuration. D: Internal arrangement
of the beam load cells and cable routing.
the cap socket and the core. The stylus point was sanded and polished to ensure that friction
was minimal. The load cells were mounted to the core and the wires were routed through the
conduit to ensure that they do not interfere with the grip plats. Finally, the three grip plates
were attached to the load points with countersunk screws. The assembled stylus and several
interior images are demonstrated in Figure 4.2.
4.2.3 Validation and Control Studies
Load cells only measure forces perpendicular to the measurement contact point. If forces are
applied at the lateral edges of the grip plate, a significant percentage of the force could be lost
tangentially in the measurement. However, stroke patients are not expected to pinch the stylus
or exercise independent finger motion, so a force distribution such as this is unlikely. A realistic
scenario in which a gross grip is used to hold the stylus, such as when holding a broom handle,
is presented in Figure 4.3. In this scenario, the force is assumed to be evenly distributed along
the outer surface of the grip place and perpendicular to the surface at each point.
The total force F of arbitrary value can be broken into incremental components across the
surface, with each normal component given by:
∆FNorm = Fsin(
pi
2
− θ) = Fcos(θ) (4.1)
Integrating along the range of the arc, which in this case is −57.5o < θ < 57.5o, provides
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Figure 4.3: A typical grip force scenario with all force evenly distributed across the plate. R is
the outer radius of the grip plate, θ is the angle from the center axis, the red arrows are force
vectors.
the total normal force per unit area since the radius of curvature was neglected. Thus, the total
integral is normalised by the central angle of the arc, Θ = 115o = 2.007.
FNorm/ =
1
Θ
F
∫ θ2
θ1
cos(θ)dθ =
1
2.007
F
∫ 57.5o
−57.5o
cos(θ)dθ = 0.8404 (4.2)
The resulting ratio indicates that approximately 84% of the force is normal to the load cell’s
axis of measurement, which should result in a 16% underestimate in the total grip force. The
device can provide a very approximate measurement of the user’s force which may be sufficient
for training and assessment. However, clinical testing is necessary to conclude on this point.
Additional design improvements and prototyping are necessary before adequate validation
can be achieved. An external MIMATE module was used to record force data from the grip
load cells and inertial measurements. The axial button load cell, which contains internal amp-
lification, was connected to a NI USB-6009 DAQ (National Instruments, USA). The stylus was
operated while simultaneously monitoring force data in real-time. Any offset in the load cell
signals were removed during data analysis. Due to design and performance issues, additional
validation was not conducted.
4.3 Results
The final device boasted a mass of approximately 120 g, excluding external cables, which is
well below the upper design limit of 200 g. The diameter of approximately 4 cm is comfortable
to hold and does not require an unrealistic web space to grasp, especially for populations that
would be eligible for training with writing exercises. The force information from the stylus is
presented in Figure 4.4.
4.4 Discussion and Future Work
Although kinematic data is not presented, the IMU was successfully integrated into the design
and will be utilised in future studies. The IMU will allow for orientation tracking and assessment
of smoothness during writing. The writing force was reliable and well-within the measurement
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Figure 4.4: Force data collected from the stylus; (a) shows grip force data collected from the
MIMATE (b) shows writing contact force at the stylus tip gathered using an DAQ device.
range of the chosen load cell. Although only a small portion of the range is utilised, the unused
range adds robustness and ensures that a hard collision with the table would not destroy the
instrumentation. The final data acquisition system could be optimised to utilise a smaller, more
realistic operating range and simply saturate when a measurable collision occurs.
The beam load cells used to measure grip force were insufficient. As indicated in the results,
a single load cell saturates with even gentle grasping. Although volumetric constraints limit
the alternatives, there are similar load cells with a greater working range that could be used in
future designs. Including two load cells per grip plate, specifically one at each grip plate edge,
would not only increase the measurement range, but also reduce force underestimation due to
tangential forces. This would, however, come at the expense of design complexity and increased
mass.
This study validated the stylus and its overall configuration, several key design flaws were
revealed. The grip plates were too loose and travelled freely, most likely due to variation in 3D
printer accuracy. The wire conduit did not adequately accommodate all of the load cell cables
and will need dimensional adjustment. Future versions will address these issues by adjusting the
dimensions and tolerances for the grip plates and the core. Alternatively, once the design further
matures, the core can be manufactured from aluminum and the grip plates from carbon fibre to
ensure maximum robustness, durability, and reduced measurement error. Particular care will
be paid to the nuts fitted in the core to ensure that they stay in place when mounting the load
cells. The 3D printer serves as an efficient and relatively low-cost method for rapidly validating
designs and working toward a final product. Addressing these concerns should significantly
improve the stylus and allow for full validation and testing. Instrumented pens for converting
hand writing to digital text have been developed for academic settings. A small camera near the
pen tip records writing strokes when used against a special patterned paper. This technology
could be investigated to add further functionality to the stylus presented in this chapter.
Chapter 5
Design and Validation of an
Under-actuated Hand Exoskeleton
“It’s not a weapon, it’s more of a highly
advanced prosthesis.”
Tony Stark, Iron Man 2 (2010)
5.1 Introduction
SITAR’s core task structure of ADLs for assessment of the upper limb may eventually be applied
to rehabilitation and task-oriented training for stroke recovery. Minimal interaction with the
SITAR requires the ability to initiate a forward reach, but the majority of ADL-based exer-
cises require hand functionality for object manipulation. Pick-and-place tasks using the iJar,
iCan, and iBox require at least gross hand opening. As SITAR develops into a rehabilitation
device, it will be beneficial to offer exercises for a wide population. Studies into the mechanisms
behind finger extension deficit indicate that inappropriate flexor activation is the main factor,
though weakness and minimal extensor activity are also important [101]. This altered pattern
of activation could be the results of new supraspinal control. One way to overcome this issue is
task-oriented training which can take advantage of neural plasticity. Training with the SITAR
can address the training and exercise element of rehabilitation, but only if the patient is able
to participate in the training. A powered exoskeleton could help patients with limited hand
functionality participate in training during the early stages of rehabilitation.
The concept for a powered exoskeleton was developed to overcome spasticity and inability to
open the stroke-affected hand. Several devices from the literature and industry were investigated
as potential devices for integration with SITAR. The design of Burton [1] was chosen as a starting
platform for use with SITAR because it is an entirely dorsal-mounted structure and produces
natural flexion/extension. This design is customisable for virtually any hand size thanks to
a kinematic model of the human hand and supports natural synergistic movement across all
phalange joints, including opposition of the thumb. A simplified version of the design was
manufactured and evaluated.
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Due to manufacturing issues and its heavy reliance on customisation, the Burton exoskeleton
proved to be too complicated for practical implementation with SITAR and an alternative system
was required. A novel exoskeleton consisting of dorsal bar mechanisms was developed to address
the issues identified in the initial exoskeleton from the literature, and several design iterations
were implemented using 3D printing to reach the design concept presented in this chapter.
5.2 Methodology
5.2.1 Design Requirements and Goals
End-effector systems like the HandCARE [102] were considered, but these systems limit the
patient to a very specific workspace. To use the SITAR system, the patient must be able to
freely interact with the instrumented objects and the table. An exoskeleton was the logical
choice for a mechanical hand assistance system. FES was also considered as a mechanism to
open the hand, but the technology could be difficult to implement outside of a clinical setting.
An exoskeleton could be worn and used independently, in the clinic or at home [1], with little
training while still promoting the Hebbian Learning Process [103]. Although an exoskeleton
would still require electrode (EMG) or microphone (MMG) placement for an intention detection
mechanism, only residual activity in the extensors is examined as opposed to applying electrical
signals to stimulate muscle movement. It is reasonable to expect that a simple muscle activity
monitor would be easier to implement at home than a complete FES system.
Rather than serve as a long-term replacement for natural hand functionality, the exoskel-
eton is a temporary prosthesis or exercise tool enabling the patient to train hand functionality
while receiving the assistance necessary to achieve success, i.e. sufficient support to prevent the
task from feeling hopeless or unnecessarily challenging. To meet these demands, the following
requirements were identified:
• Power-assisted gross handing opening
• Non-invasive intention detection
• Easy to don and doff
• Comfortable
• Light weight (less than 500 g, suggested by [1])
• Minimal dorsal profile and obstruction of the fingers and palm
• Safe to use and wear
• Wearable by a wide variety of hand sizes and physiologies
Gross hand opening is the only DOF considered in this design cycle, though active involve-
ment of the thumb is ultimately desired. Individual finger motion is critical for many ADLs,
but a simple power grasp is a positive first step toward recovery. Moreover, many stroke surviv-
ors lack the recovery potential to ever regain independent finger motion, making power grasp
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Figure 5.1: CAD images of the Burton exoskeleton (adapted from [1]). Left top: distal and me-
dial segments. Left middle: proximal and dorsal (above MCP) segments. Right: A visualisation
of the complete hand exoskeleton.
a reasonable target for a wide range of end users. A simple grasp is sufficient for many tasks
and the exoskeleton could be easily modified to actuate only one or two fingers for pinch tasks.
Interchangeable pulley mechanisms featuring different ratio sets would permit the exoskeleton
to assume different grasping functionalities. Thus, a high degree of versatility was expected from
even a simple design.
Link mechanisms boast robust power transmission while wire drive allows for simplified ac-
tuation and minimises mechanical complexity [75]. However, a simple wire attachment at the
distal end of the finger could cause unwanted abduction and adduction of the fingers. A rigid
structure was expected to provide extra stability and limit the applied force to the flexion/ex-
tension DOFs. For these reasons, a rigid exoskeleton structure was chosen over simpler designs
featuring only wires and distal force application as seen with the SaeboFlex device.
Burton Exoskeleton
The exoskeleton by Burton [1], briefly discussed in the Introduction (see 1.4.4), was investigated
as a potential system for the SITAR. An overview of the mechanics is provided, but the exoskel-
eton design and its kinematic model are extensive and complex. For a complete description, the
reader is referred to [1, 71]. The mechanical system is illustrated in Figure 5.1. Bi-directional
open-pulley mechanisms rotate about pin and bearing joints on each side of the joint centre of
rotation (CoR). Circular sliding mechanisms provide hard stops which prevent hyper extension.
The MCP joint is guided by a slider bearing that rotates about the MCP CoR. All of these
Similar component are used for the MCP and DIP joints of the thumb and an optimised four
bar mechanism supports opposition.
The thumb mechanism, while innovative from one perspective because very few exoskeletons
successfully integrate thumb motion, adds significant design complexity. The first reproduction
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of the exoskeleton was completed without the four bar mechanism. Facilities for active flexion
were removed from the design and only extension was preserved. Nylon cable was routed through
grooves and pilot holes from the proximal end to the distal end. Force applied to the cable caused
control rotation about each joint until the hard stops were met at each exoskeleton segment.
Thus, full extension was achieved with one cable per phalange. The original pulley system was
condensed into a single zone consisting of four pulleys ratiometrically matched with the lengths
of the finger segments, ensuring that a unified actuation cable will achieve complete extension
simultaneously for each finger.
For the purposes of testing and evaluation, the original dimensions of the Burton exoskeleton
were used, i.e. the parametric design software was not used to generate a new customisation.
Mechanisms for the phalanges were manufactured using 3D printing and the VeroWhite Polyjet
material (see Appendix C). A simple wrist gauntlet was created using medical grade thermo-
plastic. The gauntlet was shaped to the dorsal side of the wearer’s hand and the phalange
structures were bolted to the gauntlet. Heuristic adjustment was necessary to ensure that struc-
tures were properly aligned with the fingers and spread sufficiently to avoid collisions between
adjacent mechanisms.
Dorsal Bar Structure
The first prototype targets partial finger extension by applying torque to the proximal and
medial phalanges. Although complete extension is not achievable in this configuration, pulling
the fingers open from a medial point of contact was considered sufficient for basic grasping tasks
while also reducing the size and complexity of the structure and mimising part costs and assembly
time. A bar linkage mechanism, similar to those presented in [48, 49, 58, 104], was chosen
because of its mechanical simplicity. A 2-bar, 3-DOF linkage system facilitates constrained
flexion/extension along one finger joint and indirect flexion/extension of the adjacent joints.
The design consists of three essential elements. A dorsal plate with opposite planar and
curved surfaces for easy hardware mounting and ergonomic contact with the finger. The other
two components are complimentary linkages of equal length. Pins and single plain ball bearings
of dimensions 1.5x5x2.6 mm affix the linkages to the dorsal plates. The free ends of the linkages
are joined using a pin and a single 1x3x1 mm plain ball bearing. CAD renderings of the
exoskeleton are provided in Figure 5.2. A nylon cable is routed from a hand/wrist fixture
through the groove on the distal linkage and looped through an extruded mounting point on
the dorsal plate. The nylon cable can be connected to a servo or pulley system to apply torque
to the medial phalange and collectively pull the finger into partial extension. A thermoplastic
dorsal wrist and hand gauntlet is envisioned for mounting the actuators and stabilising the MCP
joints of the fingers to prevent abduction and adduction when applying torque to the fingers.
5.3 Results
Figure 5.3 shows the simplified Burton exoskeleton after assembly. Due to design issues and
limited durability, actuation was not included in this prototype.
The components for a single digit, in this case the index finger, were manufactured using an
CHAPTER 5. HAND EXOSKELETON 64
Figure 5.2: A CAD diagram of the exoskeleton for a single phalange.
Figure 5.3: A simplified version of the Burton et al. exoskeleton manufactured using 3D printing.
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Figure 5.4: An exoskeleton for the index finger shown in (a) extension and (b) flexion.
Objet30 Pro Desktop 3D Printer (Stratasys) using the VeroBlackPlus RGD875 ABS-like polyjet
material. The assembly for the index finger is shown in Figure 5.4.
5.4 Discussion and Future Work
Although promising, the Burton exoskeleton was not a practical solution for near-term integ-
ration with the SITAR. Complex assembly procedures make production impractical for the
upcoming clinical studies and issues with hand compatibility make it difficult to identify a set
of original sizes (e.g. small, medium, large) that could be distributed with each SITAR kit. Al-
though the lengths of the components were appropriate for the wearer, the bulky lateral profile
of the mechanism either caused collisions between the fingers or necessitated an uncomfortable
degree of abduction/adduction in the fingers. Many of these issues can be addressed by using a
custom fit as originally intended, simplifying the mechanisms to speed up manufacturing, and
making the design sleeker and slimmer made possible by more advanced 3D printing systems.
Modifications such as these were beyond the scope of this project and the available resources.
However, a related project is currently examining ways to simplify the design and streamline
manufacturing. The Burton exoskeleton is expected to have future applications as the design
continues to mature and 3D printing technology improves.
The Dorsal Bar exoskeleton met many of the initial design requirements and is a valid design
for assisting gross hand opening in the context of the SITAR framework. The design and can
be easily modified to include only those fingers which require assistance or are suitable for tasks
such as precision pinch or a power grasp, thus reducing the size of the system and actuation
needed. Servo motors or DC motors can be incorporated as in [1] using a pulley system. A single
actuator can be used to extend all of the fingers simultaneously and without hyper extension of
any finger by using pulleys of different ratios based on finger length. The extent of achievement
with regard to the initial design specifications cannot be evaluated until the complete prototype
is assembled. Optimisation of the bar lengths should also be considered once the system is
validated. Iqbal et al. used a Monte Carlo technique to optimise a similar link structure for the
hand [66].
EMG studies examining upper limb muscle activity in the stroke-affected population are
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currently in development. The knowledge gained from these upcoming studies can help design
an intention-detection system for use with the exoskeleton. As rapid prototyping technology
continues to mature, especially as low-cost DIY style 3D printers emerge and become more
practical, exoskeletons with a combination of recyclable and disposable hardware may become
a reality. A customised exoskeleton could be manufactured and coupled with reusable actuators
to meet the exact needs of patients in hospitals and clinics. Distributed microfactories could
accelerate technology-based rehabilitation.
However, a great deal of work is needed before a versatile, robust, and practical hand training
exoskeleton can be achieved. Most designs in the literature neglect the thumb or only partially
integrate it in the facilitated movement, yet the thumb plays a critical role in nearly all hand and
grasping activities. Exoskeletons of the future will have to strike a balance between simplicity,
for the sake of practicality, and functionality, for the purpose of training meaningful task-oriented
motor functions.
Chapter 6
Conclusion and Future Work
“The journey is the thing.”
Homer
6.1 Summary and Novel Contributions
This thesis provides an overview of stroke, modern clinical assessment and intervention tech-
niques, technology assisted rehabilitation, and introduces a System for Independent Task-oriented
Assessment and Rehabilitation, or SITAR, developed by the Human Robotics Group. SITAR
uses a touch sensitive table and array of instrumented objects to facilitate activities analogous
to everyday tasks such as manipulating a jar or using a key. These objects provide force and
inertial data from skill-based tasks that will be developed into a battery of quantitative metrics
to understand motor performance, provide assessment and feedback, and enhance clinical prac-
tices for stroke rehabilitation. SITAR is designed to address the need for accurate, repeatable,
and quantitative assessment and for increased access to intensive, task-oriented training.
Pilot studies with instrumented key and box objects were presented. Motor performance
metrics such as task segmenting, smoothness, and (sub-) task completion time were evaluated
using the objects. The Spectral Arc Length measure proved to be a particularly relevant tech-
nique that is applicable to kinematic data from both the key and box. These metrics were found
to be robust and relevant to the motor demands of the instrumented objects. However, the
limited number of subjects provides only preliminary information and in depth clinical testing
is necessary.
A novel stylus using semi-cylindrical shells and load cells to measure grip and writing force
was introduced and discussed. This design was manufactured and validated as a promising
concept. Although design modifications and alternative load cells are necessary, the device could
make meaningful contributions to SITAR or serve as an independent system for rehabilitation
and motor training. To the best of this author’s knowledge, no such instrumented stylus is
commercially available or presented in the literature. Though further development is necessary,
the design presented is a promising addition to the SITAR iObject suite.
A concept for a dorsal-located hand exoskeleton for assisting gross hand opening was presen-
ted and discussed. This design is simple, can be manufactured using rapid 3D printing techno-
67
CHAPTER 6. CONCLUSION 68
logy, and requires minimal assembly. A dorsal linkage system inspired by exoskeletons from the
literature was the basis for this design. The wearable mechanism for the index finger was man-
ufactured and assembled. Preliminary testing demonstrated that it was comfortable to wear,
though a complete version including actuation is needed to fully validate the design. With fur-
ther work, the exoskeleton could expand the patient population that can benefit from SITAR
during rehabilitation.
Although further work is needed in all of the topics presented, this thesis presents valuable
contributions to the SITAR framework that can be developed and improved with additional
clinical testing and design cycles.
6.2 Future Directions
Exciting new frontiers for exploration in technology for the assessment and rehabilitation of
stroke are emerging. As neuroscience, theories of human motor control, and our understanding
of neuropathologies such as stroke improve and mature, new strategies for rehabilitation will
be possible. Likewise, technologies such as actuation, additive manufacturing, and instrumenta-
tion (e.g load cells, IMUs) improve, more elegant robotic systems, both active and passive, will
become a reality. The author of this thesis and its academic contributors envision distributed
microfactories in clinics that will permit rapid production of customised, semi-recyclable devices
for clinical interventions. Technology assisted rehabilitation techniques will usher in new possib-
ilities in medicine manifested not as a bionic or augmented human, but as a restorative process
that could return the individual to his or her natural ability.
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 10 – 100 lbf Ranges 
 High Level or mV Outputs 
 Interchangeable 
 Compact Easy to Fixture Design 
 CE Compliance 
 
 
 
DESCRIPTION 
The FC22 is a medium compression force sensor that creates new markets previously unrealizable due 
to cost and performance constraints. The FC22 offers normalized zero and span for interchangeability and is 
thermally compensated for changes in zero and span with respect to temperature.  
The FC22 incorporates MEAS’ proprietary Microfused™ technology which employs micromachined 
silicon piezoresistive strain gages fused with high temperature glass to a high performance stainless steel 
substrate. Microfused™ technology eliminates age-sensitive organic epoxies used in traditional load cell 
designs providing excellent long term span and zero stability. The FC22 measures direct force and is therefore 
not subject to lead-die fatigue failure common with competitive designs which use a pressure capsule 
embedded within a silicone gel-filled cavity. Operating at very low strains, Microfused™ technology provides an 
essentially unlimited cycle life expectancy, superior resolution, and high over-range capabilities.  
Cost-optimization of the FC22 brings your OEM product to life whether you need thousands or millions 
of load cells annually. Although the standard model is ideal for a wide range of applications, our dedicated 
design team at our Load Cell Engineering Center is ready to provide you with custom designs for your OEM 
applications.  
Please refer to the FS20 for lower force applications or the FC23 for higher force applications. 
 
FEATURES APPLICATIONS
 Small Size  Medical Infusion Pumps 
 Low Noise  Robotics End-Effectors 
 Robust: High Over-Range Capability  Variable Force Control 
 High Reliability  Load and Compression Sensing 
 Low Deflection  Exercise Machines 
 Essentially Unlimited Cycle Life Expectancy  Pumps 
 Low Off Center Errors  Contact Sensing 
 Fast Response Time  Weighing 
 10 to 100 lbf Ranges  Household Appliances 
 Reverse Polarity Protected  
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STANDARD RANGES 
Range lbf 
0 to 10   
0 to 25   
0 to 50   
0 to 100   
 
PERFORMANCE SPECIFICATIONS 
Supply Voltage: 5.0V, Ambient Temperature: 25°C (unless otherwise specified) 
PARAMETERS MIN TYP MAX UNITS NOTES 
Span (Unamplified) 19 20 21 mV/V 1 
Span (Amplified) 3.88 4.00 4.12 V 1 
Zero Force Output (Unamplified) -1 0 1 mV 1 
Zero Force Output (Amplified) 0.3 0.5 0.7 V 1 
Accuracy (non linearity, hysteresis, and repeatability)  ±1  %Span 2 
Output Resistance (Unamplified)  2.2  kΩ  
Input Resistance (Unamplified)  3  kΩ  
Temperature Error – Zero -1.25  1.25 %Span 3 
Temperature Error – Span -1.25  1.25 %Span 3 
Long Term Stability (1 year)  ±1  %Span  
Maximum Overload   2.5X Rated  
Compensated Temperature 0  50 °C  
Operating Temperature -40  +85 °C  
Storage Temperature -40  +85 °C  
Excitation Voltage (Unamplified)   5 Vdc  
Excitation Voltage (Amplified) 3.3  5 Vdc  
Isolation Resistance (250Vdc) 50   MΩ  
Deflection at Rated Load   0.05 mm  
Humidity 0  90 %RH  
Weight  18.41  grams  
For custom configurations, consult factory. 
Notes 
1. Ratiometric to supply. 
2. Best fit straight line. 
3. Maximum temperature error over compensated range with respect to 25°C. 
 
 
 
CE Compliance 
 
IEC61000-4-2 [4 kV/ 4kV (Air/Contact)] 
IEC61000-4-3 (3 V/m) 
IEC55022 Class A 
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DIMENSIONS 
 
 
CONNECTIONS 
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ORDERING INFORMATION 
FC22 3 1 - 0000 - 0010 - L
Force Range
Connection (1 = 2ft Cable)
Model
Output (0 = Uncompensated, 1 = 20 mV, 3 = 0.5 - 4.5V)
Specials (Reserved for Custom Designs)
Units (L = lbf, N = Newtons)
Multiplier (- = None)
 
NORTH AMERICA EUROPE ASIA 
 
Measurement Specialties 
45738 Northport Loop West 
Fremont, CA 94538 
Tel: 1-800-767-1888 
Fax: 1-510-498-1578 
Sales: pfg.cs.amer@meas-spec.com 
 
Measurement Specialties  
(Europe), Ltd. 
26 Rue des Dames 
78340 Les Clayes-sous-Bois, France 
Tel: +33 (0) 130 79 33 00 
Fax: +33 (0) 134 81 03 59 
Sales: pfg.cs.emea@meas-spec.com 
Measurement Specialties  
(China), Ltd. 
No. 26 Langshan Road 
Shenzhen High-Tech Park (North) 
Nanshan District, Shenzhen 518057 
China 
Tel: +86 755 3330 5088 
Fax: +86 755 3330 5099 
Sales: pfg.cs.asia@meas-spec.com 
 
The information in this sheet has been carefully reviewed and is believed to be accurate; however, no responsibility is assumed for 
inaccuracies. Furthermore, this information does not convey to the purchaser of such devices any license under the patent rights to the 
manufacturer. Measurement Specialties, Inc. reserves the right to make changes without further notice to any product herein. Measurement 
Specialties, Inc. makes no warranty, representation or guarantee regarding the suitability of its product for any particular purpose, nor does 
Measurement Specialties, Inc. assume any liability arising out of the application or use of any product or circuit and specifically disclaims 
any and all liability, including without limitation consequential or incidental damages. Typical parameters can and do vary in different 
applications. All operating parameters must be validated for each customer application by customer’s technical experts. Measurement 
Specialties, Inc. does not convey any license under its patent rights nor the rights of others. 
 
